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ABSTRACf 
Dry-cured fish includes products primarily preserved through having a reduced water 
activity, due to drying or salt addition or both, and occasionally secondarily preserved 
by smoking or addition of preservative chemicals. The popularity of such products is 
world-wide, although many of the most significant markets occur in the humid 
tropics. Storage of dry-cured fish in humid environments considerably reduces the 
shelf-life of the product otherwise expected in temperate environments and leads to 
large-scale loss of product or product value. 
The investigation was carried out to determine the effect of different processing 
methods on storage life of cod muscle in humid conditions. 
The sorption of water in cod muscle subjected to different curing processes and 
rehydrated under constant and cycling humidity and temperature storage conditions 
was examined. Relationships between water content and water activity at different 
distances from the surface during de sorption and resorption were investigated in an 
attempt to elucidate optimal processing parameters for maximal storage life in humid 
tropical conditions. 
In drying, water movement parallel was faster than that perpendicular to the direction 
of the myofibrils within the my tomes. This directional difference in drying rate, 
however, disappeared as drying proceeded, and the convergence of the directional 
drying rates increased with the severity of the drying conditions. 
The extent to which various edible coatings applied to the surface of the product 
after drying acted as barriers retarding the uptake of water in humid storage was 
evaluated. 
Of the barrier materials applied to the product post-process, the carbohydrate-based 
materials actually appeared to increase the hygroscopicity of the cured fish in a 
humid environment. The lipid barriers, however, were effective. Vegetable oil 
dipping reduced the rate of water uptake to less than 40% of the control rate. This 
could be significant in extending the mould-free shelf-life in the normal daily cycle of 
atmospheric conditions in a tropical environment. 
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I INTRODUCTION 
I (i) Cured fish. 
Dried and salted fish are nutritionally important and popular constituents of human 
diets in many parts of the world. 
Marine fish bones found in excavations of known, European, prehistoric dwellings, 
situated many days foot-journey from the nearest coast, indicate the antiquity of the 
practice of fish curing around the Mediterranean. Iberian colonization and emigration 
spread the taste and demand for bacalao, salt-dried cod, to the West Indies, America, 
Africa and the East Indies, although the dry-curing of locally-caught fish species was 
undoubtedably practised by many of the aboriginal inhabitants of the lands which 
came under Spanish and Portuguese influence. 
Hernan Cortes, the Spanish conquistador of Mexico, probably followed a route, from 
Veracruz to Mexico City, already well-trodden for centuries by Totonac dried fish 
traders bringing their goods to their Aztec overlords in Tenochtitlan (Mexico City). 
Bacalao and its local immitations are still very popular in Mediterranean countries, 
the Caribbean and Latin America where it is a traditional constituent of the main meal 
on Christian festival days. 
Stockfish, which is (normally) cod dried naturally, without salting, in the cold, dry 
winds of Norway and Labrador, is popular in Nigeria. 
In fact, many of the regions, where dried and salt-dried fish products are most-
consumed, experience humid, tropical climates for much of their year. Rapid uptake 
of atmospheric moisture results in a foreshortening of the saleable life of the product, 
as predicted in the paper by Doe et al. (1982) based on the relationship between water 
activity (aw) of the product and its mould-free shelf-life. 
The impetus for this work was the observation that much of the expensive, imported 
bacalao, for sale in Mexican supermarkets, exhibited signs of spoilage. Contrary to 
the suggestion of Poulter et ai. (1982) that surface dun mould (as shown in Figure 1) 
would probably be the first sign of spoilage, pink patches, probably due to the 
proliferation of red, halophilic bacteria colonies, seemed to be the commonest initial 
indication of spoilage. When allowed to grow and intensify, these pink patches 
became the source for putrid smells, reinforcing the suspicion that this was, indeed, 
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FIGURE 1: Dun mould (Wallemia sebi ) on dry- salted shark 
(photographs courtesy of RI, Chatbam) 
FIGURIl 2 : Kench-cu r ed salt-cod 
( "bacalao") (a) sample taken from wet-s tack 
(b) sample taken from "pi ni ng" 
(c) sample taken after kiln drying 
(d) sample taken from pining showing "pink" 
(Halinobacterium salinari) infes tation 
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(a) 
(b) 
(c) 
(d) 
regeneration of the red obligate halophiles, whose growth had been witnessed by the 
author to be a comn:wn occurence in the wet-stack stage of the kench-curing of cod 
when ambient temperatures are relatively high, in the summer months of producer-
countries. Figure 2 is a photograph of sides of cod (bacalao) after wet-stack salt-
curing; after wet-stack and 3 months' maturing (pining); after wet-stack,pining and 
kiln-drying; and of a wet-stack sample infected by "pink" before treatment with 
sodium metabisulphite solution to render it saleable. 
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I (ii) Spoilage of cured fish in humid climates. 
Seiler (1959) expressed surprise at the lack of published data on the effect of aw and 
storage temperature on the time taken for mould growth to become visible on 
foodstuffs. Since this is likely to be the basis for rejection on quality grounds for most 
solid and semi-solid, intermediate-moisture foods, manufacturers would recognize 
this as the most obvious criterion in assessing the shelf-life of such foods. An 
expression was derived to estimate the mould-free shelf-life of cake in days at 2TC: 
log(mould-free shelf-life) = 6.42 - (0.0647ERH%) where ERH% is the percentage 
equilibrium relative humidity. 
For flesh foods, however, Macara (1943) had revealed that the mould-free shelf-life 
of dried meat, which was approximately 30 days at 27'C and 75%ERH, was reduced 
to only 8 days when the ERH was. increased to 90%. Similarly, Shewan (1953) 
observing the storage of dried cod at 20·C, found that a mould-free shelf-life of 
approx. 450 days at 65%ERH was reduced to approx. 50 days when the ERH was 
increased to 75%. It was noted that reducing storage temperature increases mould-
free shelf-life, and that the presence of Wallemia sebi as the infecting agent, rather 
than Penicillium mp., decreases it. 
With respect to the author's observation that, in Mexican supermarkets, it seemed to 
be bacterial, rather than mOUld, spoilage which heralded the end of the shelf-life of 
salt-dried fish, the findings of Hicks et al. (1955) has relevance. These suggest that 
the concentration of solutes at the surface during the drying process leads to a lower 
aw value here compared to that at the centre of the muscle. Although this depression 
of surface aw is partially compensated for by the diffusion of solutes of low 
molecular weight away from the surface and diffusion of water from lower levels to 
the surface, large gradients in aw through the surface layers persist on storage. 
Nevertheless, it was observed that chilled meats, subjected to severe surface 
dessication, were usually spoiled by moulds. With salt-dried fish undergoing 
resorption in a humid environment, therefore, the movement of low molecular weight 
solutes would be towards the resorbing surface; and the resultant increase in sub-
surface aw could lead to a resurgence in the growth of the red halophiles, which 
frequently heavily infest the salt used in curing processes, before the appearance of 
surface mould colonies. 
Poulter et al. (1982) showed that an in~ase in fish water content from 20 to 30% 
(dry weight basis) increases aw from 0.69 to 0.83 in unsalted, dried fish, and from 
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0.69 to 0.73 in salt-dried fish containing 10% salt (d.w.b.). When the water content 
was further increased from 30 to 40% (d.w.b.), the aw of the 10% salt-dried fish 
increased from 0.73 to 0.81; but in 20% salt-dried fish, the aw only increased from 
0.69 to 0.72 for a 30 to 40% increase in water content. The authors also commented 
that Halobacterium SDp, begin to grow again as aw rises above 0.75. Lupin (1978) 
commented that good hygiene throughout production was the best method of 
preventing such spoilage, but importing counnies had no means of ensuring this. 
Water, it was stated, was the best disinfectant for the removal of red halophiles 
should growth occur in production. Its use, however, would require lengthy re-salting 
and re-drying operations. 
Snow et al. (1944) reported (Table 1.) that the main factor controlling mould growth 
on dry animal feeds was the % relative humidity of the atmosphere in which they 
were stored: 
Table 1. Days before first appearance of mould mycelia on six selected feeding-stuffs 
when stored at different humidities: 
2-3 
100 
3-5 
90 
5-6 
85 
7-14 
80 
19-43 
77 
32-52 
75 
82-227 
72 
118-238 
71 
314-961 
67%RH 
Thus, the authors predicted safe levels for storage humidities _ required in-store F.,,,. 
periods over which the feedstuffs would remain mould-free. They also noted that 
different components of a feedstuff took up water at different rates in a given, 
constant relative humidity, and that fats and non-hygroscopic ash constituents exert a 
depressing effect on water-uptake rate. 
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I (iii) Pathogenesis in spoiling cured fish. 
The occurence of spoilage, due to inadequate reduction of water content during 
production, or to subsequent resorption of water by the product stored in humid 
conditions, has been considered, thus far, in terms of visual quality likely to be 
perceived by the consumer. The appearance of pink spoilage or surface mould 
colonies have been regarded as preventable or eliminable nuisances. That such 
occurences could also herald the possibility of health-endangering changes 
simultaneously affecting the product, has been revealed in the work reported by 
several authors. 
The presence of colonies of Asnergillus flavus, a known producer of carcinogenic 
aflatoxins, was suspected, having witnessed the nature and environment of spoilage, 
on many samples of salted, dried fish for sale in S.E. Asian markets by Hanson and 
McGuire (1982). Fourteen strains of this organism were isolated by Prasad et al. 
(1987) from 40 samples of cured fish collected from an Indian fish market. Three of 
these strains were shown to possess aflatoxin-producing capability. 
A black fungus, Exonhiala werneckii, which is the causative agent of the superficial 
human mycosis, tinea nigra, was recovered, as the sole colonizer of spoiling, salt-
dried Amazonian fish (Osteoglossum bicirrhosum) by Mok et al. (1981). This 
occured on samples which had been immersed in saturated brine (prepared from 
previously sterilized salt) for 10 minutes and samples immersed in 20-30% brine for 
5 days before shade drying for 30 days. 
Measures and Gould (1973) reviewing the work of other authors, concluded that, in 
general, the minimum water activity which would support growth of microorganisms 
was lower in environments where glucose or glycerol was the main solute than in 
those where it was salt. A notable exception to this observation was Staphylococcus 
aureus, which will grow down to aw 0.83 in salt, but only down to aw 0.89 in 
glycerol environments. There seems also to be a pH effect. Riemann et al. (1972) 
reported growth of this organism in upto 10% sodium chloride solution at pH 4.5, and 
upto 16% w/v concentration at pH 6.0. For cured fish then, this could be a significant 
hazard, since Pawsey and Davies (1976) reported the presence of coagUlase-positive 
types in 99.5% of examined samples of fish gutted and frozen at sea. 
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I (iv) Minimalization of losses due to microbial spoilage of cured fish. 
Whittle (1985) quoted that the losses occuring in cured fish during drying and 
storage in 1983 were estimated to be 2.7M tonnes or 25% of total production. 
The key to the extension of the shelf-life of cured fish in humid environments is the 
prevention of resorption of water from the air which surrounds it. Packaging such 
products in sealable films has not been found satisfactory because: (i) the rigid, sharp 
edges of the product tends to perforate the film in transit, and (ii) changes in 
temperature during storage and distribution lead to condensation on the inner surface 
of the film which stimulates the growth of moulds on the products' surface. 
8 
II THE ROLE OF REDUCED WATER ACfIVITY IN FISH 
PRESERVATION. 
In this section, it is intended to examine the concept of water activity, its 
relationship with water content and, by exploring its validity as a preservation index 
in the processing and storage of cured fish, assess its usefulness in the control of 
quality and safety of such products. 
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II (i) Defining aw and its relationship with food spoilage. 
According to Gilbert (1986) the tenn "activity" was first used by G.N. Lewis in 1907 
in accounting for the difference between the thennodynamic free energy of a 
component in a system and that of the same compound isolated from the system. 
The difference in free energy is related to a function he tenned "fugacity"_ a 
measure of the excess, rather than total, free energy available for the work of either 
the system or the component within the system. Reid (1973) defined fugacity as "a 
measure of the escaping tendency .... having the fonn of a vapour pressure which has 
been corrected for non-ideality of the vapour." Thus, "activity" implies the "fugacity 
ratio" i.e. f/fO' which is defined as: 
the escaping tendency of a component from a system 
theucaping tendency of pure component at the same temp. 
Provided that the non-ideality of the component is not too large, the fugacity can be 
substituted by measured vapour pressure. Fortunately, this is true for aqueous systems 
since, at nonnal temperatures, water vapour approximates to an ideal gas. Hence an 
aqueous system's fugacity(f) can be approximated by its vapour pressure(p) and, 
applying Raoult's Law 
where PAis the vapour pressure exerted by component A in the system; 
P A 0 is the vapour pressure exerted by pure component A; and 
"".IL 
x A is theAfraction of component A in the system. 
More than forty years after Lewis' introduction of the tenn "activity", Mossel and 
Westerdijk (1949) used the tenn "water activity" in the context of food spoilage 
factors of importance; and Mossel and Ingram (1955) published (as shown in Table 2) 
the approximate water activity values below which, they believed, growth of different 
microorganism groups would not occur: 
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Table 2. 
ORGANISM 
Bacteria 0.90 
Yeasts 0.88 
Moulds 0.80 
Halophilic Bacteria 0.75 
Xerophilic Bacteria 0.65 
Osmophilic Yeasts 0.61 
The usefulness of aw as a preservation index indicator was pointed out by Scott 
(1957). "The fundamental importance of aw applies to foods as well as to aqueous 
solutions studied by physical chemists." Scott substituted the use of aw in preference 
to relative vapour pressure (RVP) as used by WaIter (1924), since the former is a 
fundamental property of aqueous solutions, whereas the latter more strictly applies to 
a substance's surroundings rather than to the substance itself. 
Refering back to Raoult's Law, aw has taken the place of the term, xA' so water 
activity is the "effective concentration of water" in a substance. 
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II (ii) The use of aw as a preservation index. 
All substrates tested by Scott were revealed to support growth of Stqphylococcus 
aureus down to aw (in the remarkably narrow range) 0.88 to 0.86; yet water contents 
in these same substrates varied between 16 and 375% (dry weight basis). This lower 
limit for growth was not appreciably affected by the nature of the solutes used, 
provided that they were electrolytes. The substitution of non-electrolytes for 
electrolytes as solutes, however, did significantly affect the lower growth limit. 
When the substrate is a non-hygroscopic material, the lower growth limit may be 
even further removed from that expected in a simple electrolyte solution. Block 
(1953) showed the aw lower limit for yeast growth on glass wool was 0.75. The same 
yeast, nevertheless, would grow in electrolyte solution down to aw 0.62. 
Returning to Scott's classic chapter on water activity (1957) and the assertion of its 
usefulness in food preservation, it was stated that microorganisms compete with 
solute molecules for the water they require for growth over the entire range of aw for 
which they are viable. It was acknowledged, however, that factors other than aw are 
frequently important in determining whether microorganisms survive and grow. For 
example, some chemical inhibitors of such growth have little or no effect under 
optimum aw conditions and yet an increasingly significant effect as aw is reduced. 
Christian (1962) wondered whether microbial growth and inhibition was most 
significantly controlled by aw' water content or the presence of specific solutes. 
Exploring this question further, Duckworth (1972) and Duckworth and Kelly (1973) 
decided that, in water/solute/polymer systems, the minimum aw at which solvent 
action (and, by implication, Scott's "water competition" between microorganisms and 
solutes) becomes apparent depends upon the solute not the polymer; on the other 
hand, the amount of water UNAVAILABLE as solvent in such a system DOES 
depend upon the nature of the polymers present. 
Experiments had indicated, concluded Bone (1973), that there was a large degree of 
interaction between food structure and the solution phase; a technological 
breakthrough was needed to exploit this interaction in the control of aw in foodstuffs. 
Mossell (1975) questioned the choice of the term "water activity" in the context of 
prevention of microbial spoilage. A deterioration reaction, it was said, was always a 
multi-factor dependent one, in a food system, and aw was only one of those factors. 
Only when aw was the rate-limiting factor, for example: when water content was so 
12 
low that the mobility of reactants had been reduced several orders of magnitude, did 
aw have a direct influence on spoilage rate. 
Reid (1976) cast further doubt on practicability of using aw' It was reiterated that the 
ratio p/PO denoted relative EQUILIDRIUM vapour pressure, not RVP, in that it 
applied only to systems at equilibrium where the fugacity was equal in all phases. 
Apart from the time needed to attain true equilibrium conditions in a system so 
complex as a foodstuff (which could be days or, even, weeks) many foodstuffs were 
inherantly unstable systems, ego multi-phase mixtures, like dough, or supersaturated 
solutions, like boiled sweets, so their could be no equilibrium. It might, however, be 
argued that errors, due to the strictly inaccurate assumption of equilibrium attainment, 
are generally trivial. Gal (1972) had shown that there was only 0.2% difference 
between aw defined on fugacities and RVP. 
Errors in the measurement of the availability of water for life and, therefore, spoilage 
which, as Loncin et al. (1968) surmised, had become to be expressed in terms of aw 
were much more significantly due to the shear complexity of most foods. 
Van den Berg and Bruin (1981) described fish as having a fibrous component, 
constituting its solid phase, holding a continuous liquid phase together with a 
continuous or dispersed lipid phase; this system is further complicated by the 
dissolution and delayed crystalization of other components during sorption. Not 
surprisingly, hysteresis is exhibited between desorption and adsorption isotherms for 
the same material which suggested to the authors that no true thermodynamic 
equilibrium exists. In this situation, it was concluded that what, in effect, was being 
measured was an empirical pseudo-aw' 
Commenting upon the same paradox, Suggett (1976) had said that the occurrence of 
a hysteresis loop in the %H20/aw relationship (obtained through a dehydration-
rehydration experiment) immediately indicates that, in at least one arm of the cycle, 
the system cannot be in equilibrium as the observation of two alternative water 
activities at a single water content is thermodynamically untenable. There must, 
therefore, exist, he postulated, certain non-equilibrium ways of binding water; and the 
reason this water remained effectively inaccessible to microorganisms must be due to 
kinetic rather than thermodynamic factors. 
Despite such criticism of the use of aw in a food preservation context, Gilbert (1986) 
reported that it was still regarded as an intrinsic parameter of a food system; whilst 
ERH was only indirectly related to the food's preservation state, being a property of 
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the gas phase in contact with the food system. Since aw was measured as the fugacity 
in the vapour phase, it could be queried whether such a distinction is, itself, valid in 
terms of water reactivity within the solid matrix of the food system. Additionally, in a 
foodstuff which could be represented as a dilute solution, the structural or entropy 
difference were rated negligible and randomness high enough to obviate the 
distinction between aw and ERH as measures of differential free energy. 
14 
I I 
Uptake of 
vapour 
molecules 
FIGURE 3: B.E.T. Sorption Isotherm showing the zones in 
the typical sigmoid curve 
adsorption 
+ 
plpo 
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II (iii) The relationship between water content and water activity: sorption isotherms. 
Brunauer, Emmett and Teller (1938) examined the adsorption of gases onto solid 
surfaces. Their plots of gas uptake by the solid against the "relative pressure" (p/pol of 
the gas (where Po is the saturation pressure) revealed typically sigmoid forms (Figure 
3). The first portion of the sigmoid {;urve (to point B in the figure) was said to 
represent the filling up of a monomolecular layer of gas adsorbed to the solid's 
surface. The values for gas uptake by the solid at point B were found not to vary by 
more than 10% for the range of twelve different gases under standard temperature 
conditions. The second portion of the graph (after point B) could be fitted to a straight 
line equation, a modification of the Langmuir Adsorption equation, on the 
assumption that the forces responsible for monolayer condensation attract subsequent 
molecular layers to the surface in regular fashion. Between plpo values 0.35 to 0.5, 
however, the isotherms were found to deviate from linearity in the direction of there 
being too little adsorption at a given plpo value. 
Brunauer, Emmett and Teller's work and their interpretation of it (refered to as 
B.E.T. theory) has been used to explain the similarly sigmoid shapes obtained when 
water uptake is plotted against water activity to reveal the sorption isotherms for 
foodstuffs. 
Many researchers have used such isotherms as the basis for empirical equations 
and/or tables for the computing of water activity and thence to shelf-life given the 
more widely attainable water and salt contents of the food. Nevertheless, it must be 
said that the applicability of these predictive devices is very narrowly restricted. The 
following quotation was taken from van den Berg and Bruin (1981): "In the field of 
food engineering, it is hardly necessary to stress the importance of a relatively simple 
equation describing the moisture sorption isotherm of a food reliably with a limited 
number of parameters .......... this equation does not exist at present and is not expected 
to be found in the near future." 
Various workers (Macara (1943) Shewan (1953) and Christian (1962) for example) 
have, nevertheless, noted the usefulness of a known sorption isotherm, for a given 
food product, in deciding its storage and packaging requirements. Loncin (1961) also 
advertised their importance in the prediction of the drying rates of foodstuffs which 
would be essential in designing and operating drying equipment and processes. 
Gane (1950) plotted isotherms for various vegetable materials held at temperatures 
between O' and 37'C. He found the variation between isotherms plotted for different 
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temperatures to be small compared to that between those for different materials at the 
same temperature. Most of his isotherms did not, however, extend beyond aw 0.8 
because microbiological spoilage intervened before equilibrium could be attained. 
This limitation did not persist long after this date and Scott (1953) published 
isotherms for meat, milk and a soup mix where the aw range extended from 0.8 to 
0.97. The difficulty of accurately measuring aw at values close to 1.00 was, 
nevertheless, acknowledged. 
Loncin et al. (1968) observed that although vapour pressure varies considerably with 
temperature, the ratio, aw' is much less temperature dependent. They emphasised, 
however, the need to measure water content by a direct method, such as Karl Fischer, 
rather than by drying methods when looking at the very low water contents (0 to 
0.3kg water per kg of dry matter). 
Point B in Figure 3 corresponds to the B.E.T. monolayer value at which, 
theoretically, all solid surfaces are covered in a layer of adsorbed gas (or water, in the 
case of dried food) one molecule thick. Pauling (1945) put forward the view that 
water adsorption on proteins would occur predominantly as one water molecule per 
polar side-chain upto the B.E.T. monolayer value. Shaw (1944) and McLaren and 
Rowen (1951) suggested that adsorption mainly occured on the polar groups present 
in the molecular surface of polymers. This view was challenged by Eley and Leslie 
(1962) whose work suggested that the peptide bond of protein chain was also a 
significant sorption site. However, to account for the quantity of water adsorbed at 
the B.E.T. monolayer value, it was calculated that (for haemoglobin) 73% of the 
polar side-chains and the peptide bonds would have to be at the molecular surface. 
The notion that there is a point on the sorption isotherm which corresponds to exact 
completion of a monomolecular film over the surface of the food's structural 
molecules had also been questioned by Salwin (1959). Since clusters of water 
molecules around reactive adsorption sites, rather than a continuous, single-layer 
film, seemed the more feasible on available evidence, a "statistical" monolayer value 
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for moisture content was proposed. It could be calculated by modifying the B.E.T. 
equation: 
_R __ = 1+ SR 
M(lOO-R) 
where R is % relative humidity 
M is moisture content in g/lOOg dry solids 
I is the y-axis intercept of the straight-
line plot of RjM(100-R) against R 
and S is the slope of the same plot. 
Values of R and M for two points on the isotherm between R=5 and R=55 were be 
used to obtain simultaneous equations, the solution of which provided values for I 
and S. These were then used to calculate the statistical monomolecular layer moisture 
content, Mm, from the equation: 
Mm = __ I __ 
I + lOOS 
Water molecules adsorbed to these reactive sites, were said to protect them against 
the rapid oxidation they would, otherwise, undergo on exposure to atmospheric 
oxygen. KIotz and Heiney (1957) had already pointed out that attachment of oxygen 
to what would, otherwise, be a water binding site on the protein caused an 
interruption in the aqueous covering sheath which could disturb the hydration 
structure of neighbouring sites. Therefore, Salwin stressed the importance of not 
drying beyond the Mm value to avoid oxidative deterioration. 
Additionally, the bond energy of the adsorbed water would inhibit interactions 
between polar groups on adjacent protein molecules which would have the effect of 
preserving the product's rehydratability and minimising its toughness when 
reconstituted. 
To support these contentions, the author cited the example of dried shrimp. Was it 
possible that the frequently encountered poor quality of this item could have been due 
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to overdrying? The U.S.D.A. recommended specification for maximum water content 
of the product for long-term storage was 2.5% which compared with a theoretical 
Mm value of 5.56%, and an analysed monolayer value of 3.09%. Salwin's 
experiments had revealed considerable textural deterioration when shrimp was dried 
much beyond its monolayer level. 
Similarly, Martinez and Labuza (1968) recommended that 32% R.H. allowed freeze-
dried salmon the greatest storage stability. This corresponds, on the sorption 
isotherm, to a water content greater than the Mm value, but below this aw,adsorption 
of oxygen and rancidification was much more rapid. 
Duckworth and Smith (1962) showed there was no movement of solute at water 
contents below the Mm value. Tracer studies suggested, however, movement of water 
into and along cell walls in plant tissue dried to water contents slightly above the Mm 
value. Such movement implied that physical, chemical and biological changes might 
also be initiated and, thereby, impair long-term storage. 
The mobility of small molecules in many food systems becomes apparent, reported 
Karel (1973) at water contents higher than the Mm value which correlates with the 
total number of polar groups able to bind water. 
Beyond the monolayer value (point B in Figure 3) there is a section of the isotherm 
where aw changes very rapidly for very small change in water content. This includes 
what Scott (1957) termed the preservation significant zone: aw 0.7-0.8. 
Christian (1962) commented that the zone between the ends of the flattest part of the 
typical sorption isotherm (Figure 3) where a large change in aw results from a small 
change in water content, had been described as "bound" water. This could not 
possibly hold, he argued, at higher aw's where the large amount of sorbed water 
would be beyond the holding capacity of the weak sorption forces. 
The concept that water might exist in different states, one being held more 
tenaciously than the other, has been popular for many years. Tagaki (1973) found 
three Differential Thermal Analysis peaks associated with the water component of 
kamaboko (a type of cooked fish jelly popular in Japan). The third of these, that at 
150·C, he concluded, corresponded to water which was firmly bound to the protein, 
whilst the other two, at IOO·C and 60·C, represented the "free" water in the system. 
19 
Kuprianoff (1958) published the following definitions of "bound" water which 
reflect varying aspects of the properties of water: 
" .... water that is retained after a prescribed drying process .... " 
" .... water that fills the first adsorbed monolayer (B.E.T. theory) .... " 
" .... water that remains unfrozen, even if the food is submitted to very low 
temperatures e.g. -70· to -80·C .... " 
" .... water that is not available for the solvation of solutes .... " 
The first and third definitions assume that there exists, in food, water which is so 
fmnly attracted to other constituents that it cannot be removed under the normal 
conditions of the drying process or crystallise on cooling. The problem with the 
former is that there would be an infinite number of "bound water contents" as there 
are drying process conditions; and with the latter, according to Hardman (1985), is 
that during cooling, some of the water forms a glass, rather than crystals, so that 
thermodynamic equilibrium cannot be established on a normal experimental time-
scale. Hence the validity of both these definitions is questionable. 
The second and fourth of these definitions should coincide with Mm, the equivalent 
monolayer value. Sal win (1959) gave an average value for the latter as 4.5g/100g of 
dry solids for proteins. This was well below what was subsequently quoted, by 
Duckworth and Smith (1962) to be the range for "bound" water content, i.e. 16-50g 
water/IOOg dry solids, and below the maximum hydration water content (where all 
the binding forces due to hydrophilic sites on macromolecules are satisfied) given as 
20g/100g of dry solids for proteins by Hamm (1962). Most flesh foods preserved 
solely by drying, however, were said to be dried to a water content lower than the 
range given for "bound" water and Duckworth and Smith thought it unlikely that the 
water remaining in the dried product would all have been bound to macromolecules. 
Since enzyme-controlled reactions persisted, even at these low water contents, 
suggested that films of "free" water still persisted in capillary spaces. 
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Karel (1973) stated that aw varies according to capillary radius, as shown in Table 3. 
Table 3. Assuming a contact angle of 0': 
for capillary radius (cm) 
1 0.9999999 
10-2 0.999895 
10-4 0.99895 
10-6 0.90 
10-7 0.20 
It would be expected, therefore, that a definite capillary effect on aw would occur in 
food substances with aw > 0.90 as capillaries with a radius around 1O-
6cm are 
probably common in food structures. Films of free water in food capillary spaces 
existing at aw levels approaching coincidence with Mm seem less likely, though not 
impossible. 
The concept of "free" water appears to be more credibly definable than "bound" 
water. Hamm (1962) described it as that removable water which freezes at the same 
temperature, exerts the same vapour pressure and has the same dissolving power as 
normal, pure water. It is the sorption of this free water, also involved in solution and 
capillarity, which is described by the third section of the isotherm; where large 
differences in water content accompany relatively small changes in aw' Much of any 
drying operation therefore involves the removal of the overwhelming majority of the 
water naturally associated with the fresh food material. Only during the initial stages 
of drying, however, does this water move freely, as from the surface of a body of pure 
water. Labuza (1977) reviewed the many methods which had been used to measure 
the degree of binding of water in foods. These included measuring: 
(i) aw or relative vapour pressure(RVP); 
(ii) the degree of vibrational and rotational freedom of a water molecule in a food 
system by use ofNMR (Shanbhag et al.,1970); 
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(iii) the ease of removal of water from foods by calorimetric methods, like 
differential spin calorimetry (DSC) and differential thermal analysis 
(Duckworth,1971); 
(iv) the freedom of a water molecule to vibrate within a system at a specific 
frequency using a dielectric method (Roebuck et al.,1972); 
(v) the water holding capacity (whc) and binding of water in meat systems by 
determining the effect of pressure on squeezing water out of food 
(Hamm,1963); 
(vi) the whc using centrifugation; 
(vii) the amount of syneresis under standard conditions; 
(viii) freezing point depression and the amount of water unfrozen at the normal 
freezing point for the foodstuff (Moy et al.,1971); 
(ix) the amount of water which can be sucked out of a foodstuff by some dry, inert 
material, such as filter paper (Lewicki et al.,1978). 
Using such empirical methods, it would be possible to obtain "bound" water contents 
varying from that which coincides with the equivalent monolayer value (Mm) to 
others which coincide with aw values very close to 1.00. The latter would be the case 
using, for example, methods (v) to (ix) for the determination of "bound" water in a 
gel. In such a system, despite the huge relative distances between macromolecules, 
and consequent free space for the movement of water molecules, the water is held 
either by some unusual, long-range forces or by capillary suction in the pores formed 
between the macromolecules. Methods (i) to (iv), on the other hand, would produce 
much lower values for "bound" water because by far the most of the water in gels has 
been shown to have the same thermodynamic properties as pure, bulk water. 
The remaining significant feature of the typical sorption isotherm for a foodstuff 
(Figure 4) is its hysteresis loop, the existence of which casts doubt on the use of the 
term aw in a "food" context, as discussed in section H(v). Nevertheless, it appears 
that a larger amount of water is held, at certain given aw values, by desorbing food 
than by resorbing food. In contrast, Labuza et al. (1972) concluded that 
microorganisms grow more rapidly at given water activities reached by desorption 
than by adsorption. The work of Plitman et al.(1973) and Sinskey (1976) supported 
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this in showing that Staphylococcus aureus grew in a food system with aw=0.88 
reached by desorption, but failed to grow in the same food system where this aw had 
been achieved by adsorption; but, at equal moisture contents, whether achieved by 
desorption or adsorption, no difference in growth characteristics was discernible. 
Food, unlike wet sand, glass fibre and other model systems, does not readsorb water 
in precisely the reverse manner to its desorption. This hysteresis, Kapsalis (1981) 
explained, is nature's built-in protective mechanism against climatic extremities, like 
drought or frost, causing life-threatening water loss. To the lay-observer, it may be 
obvious that rehydrated food seldom resembles its fresh counterpart. The type of 
changes encountered upon de sorption and adsorption, however, depend on: 
(i) whether the sorbent is, initially, amorphous or crystalline; 
(ii) whether physico-chemical transitions are taking place during adsorption; 
(Hi) the speed of desorption; and 
(iv) the extent of de sorption before reFtion. 
It has already been mentioned that when food materials are dehydrated below the 
equivalent monolayer level, the exposed polar groups quickly react with atmospheric 
oxygen or with one another, which affects their capacity to resorb water 
subsequently. Adding this chemical complexity to the physical complexity of the 
different phases present in most food systems, as noted by van den Berg and Bruin 
(1981),might imply that hysteresis in the sorption isotherms of most foodstuffs was 
not only to be expected, but also that the hysteresis loop be expected to be wide. 
Seehof et al. (1953) suggested that the width of this hysteresis loop might be 
correlated with the number of -NHZ' -SH, and -S-S- groups in proteins. These were 
regarded as the strongest water binders. Kapsalis (1981) observed that, in high-
protein foods, hysteresis extended from the capillary condensation region of the 
sorption isotherm, around aw 0.85 to zero aw. Later work by Tanaka (1985) has 
shown, however, that the cross-linking between the polar groups, exposed during 
drying operations, for example, has only a very small effect on the water binding 
capacity of proteins. 
Labuza (1977) picked out the capillary structure of food and the supersaturation of 
carbohydrates, which had changed from crystalline to amorphous state during 
desorption, as important factors in the extent of the hysteresis phenomenon. 
Similarly, it has been suggested by Eichner (1986) that a higher water vapour partial 
pressure is required to fill food capillaries (during adsorption) than to empty them 
(during desorption). This so-called "ink bottle neck" theory, first expounded by 
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Kraemer (1931), and the existence of water soluble food components, which can 
switch between crystalline and amorphous states, were put forward as major causes of 
hysteresis. 
At low temperatures (Le. temperate ambient and below) and over relatively short 
periods of time, hysteresis has been said, by Kapsalis (1981), to be reproducible and 
persistent over many adsorption/desorption scans. At higher temperatures and over 
longer periods of time (as in the prolonged storage of dried foods) this did not appear 
to be true. 
Cutting et al. (1956) for example, had shown that the temperature used for drying 
cooked fish samples did affect the shape of the isotherms obtained. The magnitude of 
this effect, however, may be insignificant in practice. Curran and Poulter's (1982) 
results showed that neither fish species nor salt concentration nor variation in drying 
temperature, within the limits of what was commercially normal, had any significant 
effect on the sorption characteristics of cured, tropical fish. Nguyen and Haard (1987) 
however, found the salt content range in commercial samples of heavily salted cod to 
be so wide (37-49% of total solids) that no correlation between aw and water content 
could be established. 
Nonetheless, the changes in the hysteresis loop with time and temperature has been 
put forward as a basis for a quantitative index of dried food quality. The implications 
of this suggestion on objectives of this research programme will be considered further 
under section UI(iv). 
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II (iv) Sorption isotherm modelling for water activity and shelf-life prediction. 
The classic kinetic model for the adsorption of gases onto plane surfaces was 
expressed in Langmuir's (1918) equation: 
V= Vml..£Jll 
(1+bp) 
where V is the volume of water vapour adsorbed isothermally by the surface at 
vapour pressure p; V m is the volume adsorbed when internal surfaces are totally 
covered with a monolayer of molecules; and c is a constant dependant on the 
temperature and type of surface. 
It seemed to Brunauer et al. (1938) that the same forces producing condensation 
would, also, be chiefly responsible for the binding energy of multimoletular 
adsorption. 
Accordingly they extended Langmuir's treatment to cover multimolecular adsorption, 
thus: 
V= Vmcp 
(Po-p)( I +(c-l)(p/po) I 
where Po is the saturation pressure of the gas. The constant, c, was found to have a 
value approximately equal to eEI-E ... /RT, where El is the heat of adsorption of the 
first monomolecular layer and EL is the heat of liquefaction. 
This gives an S-shaped isotherm, being concave to the pressure axis when p/PQ is 
low and convex to the pressure axis when p/Po is high, which is typical of the shape 
of the water vapour sorption isotherms for most proteinaceous, fibrous foods. It does 
not, however, account for the hysteresis between adsorption and desorption arms of 
such isotherms obtained empirically. 
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Hailwood and Horrobin (1946) stated that the typical shape of the experimentally 
obtained isotherms had previously been explained by postulating two kinds of 
combined water, attached respectively to the polar side chains and to the polar groups 
in the polypeptide chains, a well as that which condensed ultimately in the pores of 
the fibres as liquid water. Counter to this, they chose a model which assumed 
adsorbed water to exist either in simple solution or combined to form a monohydrate 
with a definite unit of the fibre molecule. 
Mr = ah + abh 
1800 l-ah l-abh 
gives the relationship between uptake (r = total grams of 
water absorbed per 100g of dry polymer) and relative humidity, h. M is the 
"molecular weight" of the operative polymer unit, and a and b are constants. 
,.. w .. " 
The equation was found>?t experimental sorption datalfor nylon, human hair, wool, 
silk and cotton. . Their main criticism of their derived equation, however, was its 
failure to provide for the hysteresis which was such a noticeable feature of the 
experimental adsorption-desorption isotherms for the fibrous polymers, except nylon. 
Smith (1947) said that the water sorption isotherm could be described by the 
equation 
where m is the water content and A and B are intercept and 
gradient constants from the plot ofm against In(l-aw)' 
For a casein/water system, Chirife et al. (1985) evaluated B and A at -0.08801 and-
0.28657 respectively. 
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A sorption equation to provide an expression for the condensation of water in 
multilayers. at a relatively large distance from the surface of the sorbing polymer 
species. was developed by Halsey (1948): 
where e = XlXm. the ratio between equilibrium coverage (X) 
and monomolecular coverage (Xm) in grammes of water adsorbed per gramme of 
solid. and a and r are constants. 
Iglesias et al. (1975) used Halsey's equation for the prediction of water adsorption 
isotherms for foodstuffs. They put the expression into the form 
In.ln(polp)= -rln9+ Ina' 
to produce a straight line from which values of a' (where a' 
= a/RT) and r could be obtained. The predicted isotherms. thus produced. matched 
those obtained through experiment in a wide variety of foods. 
A further extension of the B.E.T. model. which derives from the predictive equations 
of Guggenheim. Anderson and DeBoer. and. therefore. referred to as the "O.A.B." 
model by Van Den Berg and Bruin (1981) takes account of the modified properties of 
the fluid which is sorbing (water. in this case) in the multilayer zone of the isotherm. 
M = Ckaw,---___ _ 
Mm (1 - kaw)(1 - kaw + Ckaw) 
where MlMm is the ratio of the actual water content to the B.E.T. monolayer 
water content on a dry basis; 
C is the Guggenheim constant = c'exp(Hq - Hm)/RT with Hq and Hm being the 
total heat of sorption of the water molecules condensing in multi layers and monolayer 
on the primary adsorption sites respectively; 
and k is a factor correcting properties of the multilayer molecules with respect to 
the bulk liquid such that k = k'exp(H I - Hq)/RT with HI being the heat of 
condensation of pure water vapour. 
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Bizot (1983) found this model suitable for the prediction of aw in the range 0.1 to 
0.94, for a wide variety of foods, when only a few (Le. 4 or 5) points had been found 
experimentally on the aw against water content isotherm. 
In spite of almost 100 years of research relating the water content and E.R.H. of 
foods, Van den Berg and Bruin (1981) observe that food products are still dried to a 
water content empirically found to allow safe storage with minimum quality 
deterioration. The latter workers have compiled a list of 75 isotherm equations which 
could be used for mathematical sorption modelling but warn that "we can never prove 
the validity of a sorption model just by its ability to fit the observed isotherm." For 
their work on moist mixtures, they selected the equation proposed by Ross (1975) to 
give a rapid estimate of aw and, hence, the possible stability of intermediate moisture 
foods. 
The latter proposes that "aw is simply the product of aw values for simple solutions 
of each solute measured at the same concentration as in the complex solution." 
Ross suggested that the errors incurred in calculating aw using this equation, rather 
than obtaining a value experimentally, would be less than 1% in the usual 
concentration ranges of food products. 
According to Ferro·Fontan et a!. (1980) it is desirable and sufficient to predict aw 
within about 0.01 aw for Lm. foods, as is claimed posible using the Ross equation, 
and this can be done with pure salt solutions. It is, however, only possible to get 
within 0.02 aw when predicting for salt fish in this way. 
Lupin et a!. (1981) used other research workers' results on salted cod, anchovy and 
mullet roe to obtain a straight-line relationship between aw and molality of salt in 
fish: 
(aw)sf = aw/O - bm = 1.002 - 0.042m 
where (aw)sf is the water activity of the salted fish 
product, a)O, the water activity at zero salt molality, b, the slope of the line and m, 
the molality of the salt in the fish. 
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Temperature, over the range likely to be met in commercial fish salting, had no 
significant effect on this relationship, and it seemed evident that the water activity of 
salted fish was the water activity of the salt solution which would be formed by the 
contained salt in the contained water. The approximate linearity over certain portions 
of the sorption isotherms for foods allows for some degree of extrapolation in 
estimating aw when salt and water· content are known. It can be based on the 
established thermodynamic relation for binary solutions 
aw = exp(- w ml m v) 
where w is the osmotic coefficient, m 1, the number of kg per 
mole of water (i.e. 0.018) m, the molality of the solute and v, the number of moles of 
all species which give 1 mole of solute in solution (v = 2 for NaCl). 
Mean values for the osmotic coefficient for pure salt solution and for salted fish were 
said to be so close (1.111 +/- 0.028 and 1.167 +/- 0.056 respectively) that they could 
be taken as equivalent when taking experimental errors into account. 
The application of the Ross Equation in predicting the water activity of i.m. foods 
containing a non-solute solid was found by Chirife et al. (1985) to show differences 
(experimentally determined - calculated) of between -5.1% and -19.6%. This was 
thought to be due to the fraction of water (5 to 6% on a dry basis) which was strongly 
bound to the non-solute solid, in this case, casein. For this reason, the authors added a 
correction to the Ross prediction, allowing for S.Sg water per lOOg of dry casein not 
being available to dissolve the solute. This gave an average +3.6% error (exp. - calc.) 
compared to the average -11.5% error obtained using the uncorrected Ross 
prediction. 
Lilley (1987) suggested an extension to the Ross Equation which was 
thermodynamically valid when attempting to predict the water activity of a three 
component mixture: 
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FIGURE 5: Sorption isotherms for sodium chloride solutions 
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This gave better agreement with observed results than the unmodified form of the 
Ross Equation 
Taking the components of dried, salted fish to be water, salt, fat and fish muscle 
(protein) and assuming that fat took no part in water activity calculations, due to its 
hydrophobicity, Doe et al. (1983 ) suggested that the aw of dried, salted fish could be 
predicted using the Ross Equation written thus: 
where awO is the water activity of the fish muscle (i.e. the 
salt-free, fat-free solid fraction, and awn is the water activity of the sodium chloride 
solution present in the muscle. Values for awO were found by applying the latter 
equation to the sorption isotherm for unsalted cod from Doe et al. (1982 ) given in 
Figure 5. 
The latter researchers used the equation to produce a table (Table 4) which predicted 
the aw of dried, salted fish given its salt content, Ms' water content, Mw' and salt-
free, fat-free dry solid content, Mb, and related it to storage life through empirical 
observations (Shewan-1953) on the time taken for dun mould (Wallemia sebi) 
colonies to become visible at different aws (Figure 6). 
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II (v) Validity of aw as a predictor of product performance. 
In the preceding section, it has been seen how, through approximations and 
simplifications, the water activity of substances as complex as foods can be estimated 
and used to predict shelf-life. The accuracy of aw estimations is, according to Lilley 
(1985) however, affected by solute ~ize and hydration, increases in which would 
reduce aw below that expected; and by solute- solute association, like the protein-
protein and protein-salt associations, so extensive and variable in curing and cured 
fish, which would increase aw beyond that expected from the Ross Equation. 
Water activity has been used increasingly as a concept in food preservation since the 
classic review of Scott (1957). The parameter measured and recorded as "water 
activity", however, is, in fact, the relative vapour pressure (RVP). This was described 
by Van Den Berg (1985) as an empirical pseudo-aw' reflected in the system's relative 
humidity, which exists rather than a thermodynamic aw. The latter is not possible 
because foods are NOT usually simple mixtures but complex systems exhibiting 
often non-equilibrium behaviour exemplified by the hysteresis of their sorption 
isotherms. 
The magnitude of the hysteresis loop, and, therefore, according to Hardman (1985), 
the potential errors in using aw as a foodstuff performance predictor, is influenced by 
the food's chemical and physical structure, its moisture level, temperature and 
pretreatment, and the method of measurement. Proteins, however are said to exhibit 
less hysteresis than carbohydrates. 
Misinterpretations of food stability as a function of water activity (strictly, RVP) has 
led, according to Van Den Berg (1985), to calamities in the preservation of Lm. foods 
recently. Safe conclusions with respect to standards for practical processing and 
storage for a specific product should be given only after careful consideration of the 
water relations and shelf-life tests on that product. As was noted by Johnston (1985) 
the spectacular lack of predictive utility (regarding quality, stability and viability) of 
RVP, in the absence of a detailed description of the behaviour of Lm. systems, is 
demonstrated by the hysteresis between the desorption and resorption isotherms. 
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III THE EFFECf OF CURING PROCESS ON EATING QUALITY. 
The curing of fish involves one or more of the following preservation techniques: 
(i) the abstraction of water into unsaturated air at normal or reduced pressure; 
(ii) the infusion of solute(s) through immersion in solution or direct contact with 
the solid (usually common salt); 
(iii) the infusion of the products of pyrolysis and partial oxidation of wood through 
contact with smoke or liquid smoke extracts. 
It has been seen, in previous sections, that the success of such attempts at 
preservation (in terms of expected shelf-life of the product) depends on the extent to 
which its water activity is reduced and kept low. In this section it is intended that the 
hypothesis: 
"the sorption characteristics and the eventual eating quality offish preserved by 
dry curing are affected by both the extent and conditions of dehydration" 
-be examined. 
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III (i) Drying rates and sorption isothenns. 
The rate at which food dries is proportional to the difference between the vapour 
pressures exerted by the food surface and the air in which it is in contact. Loncin 
(1961) concluded, therefore, that the curves which related aw to water content would 
be important in the prediction of drying rates. The water content which would have to 
be taken into account, however, was that at the surface. This would, unfortunately, be 
vastly different from that below the surface throughout all but the very earliest part of 
the drying process. 
Labuza (1972) stated that high speed drying was necessary for the minimization of 
nutrient and quality loss in liquids, like milk. If this were to be the case, also, with 
solids, like fish, temperature increase might be the most obvious means of 
accelerating drying rate and, thereby, maximizing quality retention. 
On the other hand, an increase in drying temperature might, itself, affect the manner 
and extent of water re sorption by the dried product, which would also influence its 
perceived quality. Iglesias and Chirife (1976) showed that drying temperature 
affected the sorption capacity of dried beef. Conversely, the sorption characteristics, 
as affected by salt content, for example, influence the drying rate. Berhimpon et al. 
(1990) found the higher the salt content of fish after brining, the slower was the rate 
of water loss during, and the higher was the final water content after, drying. 
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III (ii) Storage and sorption isothenns. 
Once produced, dried food is considered, for marketing purposes, to be shelf-stable 
over the range of temperatures likely to be encountered in storage, distribution and 
retailing. Cole (1962) and Obanu et al. (1975), however, have shown that storage 
temperature also affects the sorption properties of dried meat. For example, a 12% 
loss in recoverable sarcoplasmic proteins, with corresponding reduction in 
rehydrateability, occured in freeze-dried beef stored at 38'C over a 2-month period. 
Similarly, Maruf et al. (1990) found that the temperature at which dried-salted 
mackerel was stored had a very significant effect on net protein utilization (NPU) and 
biological value (BV) of the product when fed to rats. After 20 weeks storage at 20'C, 
NPU was 53.7% and BV 56.8% compared to 75.6% and 77.4% respectively, after the 
same storage period at O'C. The authors suggested that one of the more likely 
explanations for this dramatic decrease in NPU and BV was the fonnation of 
complexes which lower the biological availability of some of the essential amino-
acids. Some of the products of lipid oxidation, which is much more significant at 
higher temperatures, might be involved in the acceleration of such complexing 
reactions. 
Duckworth and Smith (1962), stated that the movement of solutes through semi-dry 
food influences quality changes in the material during storage. Tracer studies had 
shown that the movement of solutes during air drying is towards the centre of the 
drying piece, as a concentration gradient is set up due to the rapid water removal from 
the surface layers. As the sodium and chloride ions compete more effectively than 
protein for the decreasing amount of available water, the protein, as Hamm (1960) 
said, increasingly precipitates out. Thus, Rolfe (1976) observed that foods rich in 
native proteins, like raw meat and fish, were most susceptible to textural changes as 
abstraction of water proceeded to reach the low levels associated with preservation 
purely by dehydration. 
In contrast to this observation, Labuza (1977) reported that the higher the aw of 
intennediate moisture, textured protein foods, during storage, the harder and tougher 
became the product after reconstitution. This was said to be due to the increased rates 
of lipid oxidation and MaiIIard browning reactions at the higher aw end of the 
sorption isothenn (see Figure 7), the products of which effected the cross-linking and, 
thereby, the increasing insolubilisation of the protein. 
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III (iii) Drying temperature and sorption isotherms. 
Sorption isotherms were reconstructed by J ones and Peralta (1980) from empirical 
observations during the resorption of cod muscle dried at different temperatures, 
individual results having been adjusted using the Clausius-Clapeyron relationship. 
These showed (Figure 8) that the sorption isotherm was displaced progressively with 
rising temperature of drying so that the same water content material had progressively 
higher aw the higher the temperature at which it was dried. 
In the limited range of temperatures likely to occur in natural, commercial drying 
operations in the tropics, this would be insignificant, according to Curran and Poulter 
(1983). Using mechanical driers, however, the range of temperatures which could be 
selected for a process could have a noticeable effect on the sorption characteristics of 
the products. The work of Berhimpon et aI., on the salting and drying of yellowtail 
(Trachurus mccullochi) has shown that treatment with lower brine concentrations 
followed by drying at relatively low (35°C) temperatures and high (50%) relative 
humidity gave better quality products (as judged by sensory panel) than treatment 
with stronger brines or more severe drying conditions. 
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III (iv) Sorption hysteresis as a quality index. 
Wolf et al. (1972) investigated the usefulness of sorption hysteresis as an index of 
the quality of dried foods. It was found that the width of the hysteresis loop increased 
with storage time. For beef and haddock, there was almost 3% difference in water 
content, for a given aw value, between. freshly dried and stored samples .. Foods which 
exhibited such a large increase in hysteresis upon storage, showed a drastic decrease 
in their capacity to adsorb water, and furthermore, upon sensory examination, showed 
a decrease in the quality attributes of colour, taste and rehydrateabiIity. This latter 
could be due to the cross-linking reactions which, according to Obanu et al.(1975), 
occur between protein molecules as storage, particularly at tropical temperatures, 
proceeds. 
It had already been suggested by Labuza (1970) protein-protein aggregation in dried 
foods would lead to poor solubility and toughening engendering a gradual loss of 
quality through the storage period. Such change might be the result of the products of 
oxidising Jipids interacting with proteins to produce protein radicals. These could 
further react to form scission products of sufficiently Iow molecular weight to 
become mobile in the limited free water present in dried foods. Particularly, if dried 
food water contents vary, as a result of humidity changes in the store, this increased 
protein reactivity and mobility would increase the tendency for them to aggregate. 
This would have the effect of widening the hysteresis loop. 
Water contents between 30 and 80% (dry basis) were found by Chou and Labuza 
(1973) to coincide with the maximum rate of oxidation and consequent protein 
aggregation. Such water contents are encountered most frequently in Lm. products, 
but might also occur in dry-cured fish taking up water vapour from a humid storage 
environment. The width or area of the hysteresis loop might, therefore, be used to 
indicate that a dry product with apparently satisfactory water content at the time of 
testing, had, in fact, at some stage during its storage, been subjected to unsuitable 
conditions. 
Hysteresis loop size may not, however, be indicative only of less-than-ideal drying 
and storage conditions. WiIIiams (1976) work showed that the quality status of fish 
at the commencement of drying could affect the sorption characteristics of the 
product and how these might change during storage. High levels of nucleic acids, as 
might be encountered in spoiling fish, signified high levels of ribose which readily 
reacted with proteins in the MaiIIard browning reaction. In turn, this promoted the 
cross-linking of proteins causing the product to be tougher and less digestible. The 
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maximum rate of Maillard browning was reported by Labuza (1970) to occur 
between aw 0.6 and 0.9. Such aw levels would coincide with the later stages of 
drying and with the storage of the dried food. 
These factors responsible for hysteresis loop widening, such as the levels of reducing 
sugars and Iipids in the flesh, are subject also to variations which are associated with 
physiology, season and the method by which the fish is captured. Thus, although it 
might be a basis for a quality index, the extent to which dried fish might exhibit 
hysteresis would not be indicative of the causative agents of quality deterioration. 
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IV THE STORAGE AND SPOILAGE OF DRY-CURED FISH 
From the author's own observations, refered to in the introduction, dry-cured fish 
rapidly takes up water, when exposed to a humid environment, becoming susceptible 
to microbiological spoilage long before the expected expiry of the shelf-life normally 
projected for such products. 
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IV (i) Packaging, Distribution and Storage. 
Throughout the world, the production of dry-cured fish continues to be an 
overwhelmingly low-technology operation, employing little or no equipment and, 
most frequently, utilizing the no-cost energy of sun and wind. Packaging, if used, has 
tended to fulfil only containment and unitizing functions compatible with mere 
conveyance of product between producer and wholesaler. The retailer has been 
content to purchase, display and sell such products without any form of package. 
Indeed, large split fish, which have been salted and dried, are traditionally displayed 
unpackaged so that the retail customer can select his "cut" from the "side". In Spain 
and Ponugal, cuts of bacalao retail at different prices just like cuts of beef (Giles-
1990). 
Wooden crates, hessian sacks and, more recently, fluted cardboard boxes have been 
used for the bulk containment of dry-cured fish. Where it has been intended to expon 
the product from temperate producer to tropical wholesaler, bituminized paper liners 
have been used retard uptake of atmospheric moisture. 
Flexible films, although possessing greater moisture barrier propenies, have not been 
significantly exploited since they are easily punctured by the hard, sharp 
protruberances of the product and prevent the escape of water from the product. Such 
water condenses on the inner surface of the film, if the ambient temperature falls, and 
mould-growth quickly ensues. 
More recently, Antony et al. (1988) tested the suitability of four different packaging 
systems for storage and transponation of dried, salted fish. It was found that high 
density polyethylene (HOPE) woven sacks laminated with a 100 guage low density 
polyethylene (LDPE) inside performed most satisfactorily over a 7-month period of 
trial. The contents, dried, salted shark, showed insignificant water uptake over the 
storage period, whereas the control, packed in palmyrah mat and jute sack, rapidly 
took up water in the wet season and spoiled within two months. Drop and roll testing 
caused puncturing of the inner lining, permiting subsequent water uptake by the 
contents, in other package systems tested, whilst the HDPE/LDPE sacks remained 
intact. The latter were, therefore, recommended in spite of their 20% higher cost, as a 
measure to improve the quality of dried, salted fish exponed from India. 
Kench-cured (i.e. dry-salted) white fish, having been taken out of wet stack 
(Figure 9) after two weeks' contact with dry salt, can be stored for a year or more at 
YC. In fact, the processes of water and salt equilibration and flavour maturation 
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during such storage is traditionally held to be beneficial to the eventual quality of the 
fully-dried product. This "pining" process (Figure 10), so-called after the 
Scandinavian pine sheds used to store the semi-cured fish, involves prolonged storage 
even though the water content and aw remain considerably above the minima at 
which the growth of xerotolerant moulds might be expected. Maintenance of a low 
temperature throughout, however, ensures the non-occurence of such spoilage. 
In the U.K., the vast majority of this "pined" fish is tunnel-dried (Figure 11) to 
reduce its aw to a level sufficiently low to prevent spoilage during distribution to 
tropical markets. A small, but increasing proportion nonetheless, is being portioned 
and plastic film-packaged without drying for chill distribution and display on the 
home market. 
The salt-boiled fish or pindang of S.E. Asia is edible without the desalination 
required before consuming kench-cured fish but its shelf-life (Figure 12) is only a few 
days. Ibrahim (1986) however reported that packing the product in a carbon dioxide 
enriched atmosphere could incease its shelf-life by at least 50% over that of controls 
packed in a normal atmosphere. 
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IV (ii) Agents and symptoms of spoilage. 
Before an estimation of shelf-life can be made, it is necessary to know the likely 
manner of deterioration under given conditions and how these relate to human 
sensory perceptions of "quality". 
The generalized food sorption isotherm with superimposed relationship between 
reaction rates and aw (Figure 7) produced by Labuza (1970) gives an idea of the 
likely predominant spoilage agency at different aw levels. In the range of water 
activities at which dry-cured fish are packaged for export (Le. <0.7) chemical changes 
are the major causes of quality loss. In the case of dry-cured fish being stored in the 
tropics, however, fragmentation and attack by beetles and mites would be regarded as 
much more significant causes. 
Above aw 0.7, attack by blow-fly larvae is seen as a major cause of loss in quality 
and yield in the tropics (Esser 1988) but spoilage by microorganisms arguably 
predominates in shelf-life limitation as it mightbe judged by the consumer. 
According to Giles (1990) the predominant type of spoilage occuring during the 
process of kench curing is due to the proliferation of "pink" halophilic bacteria 
present in virtually all curing salt supplies. Generally, such spoilage becomes 
noticeable in the wet-stack stage of salting during the warm summer months. 
(Figure 2). 
The variety of microbial spoilage most frequently associated with spoilage of the 
finished dry-salted products, as they take up atmospheric moisture in humid tropical 
conditions, is fungal. The appearance of visible colonies of the dun mould, Wallemia 
sebi, (Figure l)has been used by Doe et al. (1982) as the criterion of storage life 
determination. This approach has been reviewed in section II(iv) where the relevant 
table (Table 4) and graph (Figure 6) are reproduced. 
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IV (iii) Shelf-life studies 
Kalaimani et al.(1988) who used the method of Doe et al. (1982b)to dete11l1ine awof 
samples of commercially-prepared dry-salted fish (Le. by using Table 4 to find aw 
from analysed water, salt and dry, fat-free, salt-free solids contents) found extensive 
mould growth after 3 weeks' storage of samples ranging in aw between 0.74 and 0.95. 
The use of mould visibility as the "limit of shelf-life" criterion seemed justified since 
sensory inspection revealed that wherever mould growth on a sample was significant, 
it was overwhelmingly rejected. In comparison, there was a certain degree of 
tolerance for samples which bore evidence of insect attack. 
Unlike the Kalaimani et al. samples, which were sealed in polythene bags and, 
therefore, probably remained at their initial aw during storage, the dry-salted fish 
control samples of Antony et al.(1988) picked up moisture through their packaging 
during storage. Their water content increased from 29.6% to 43.0% in 60 days. Using 
the table and graph from the report by Doe et al.(1982) this represents an increase in 
aw from 0.74 to 0.77; that is the difference between 7 weeks and 16 days (visibly) 
mould-free shelf-life . 
.., 
These samples, h<fver, had been surface-treated with the antimycotic, calcium 
propionate (0.1%) and spoilage was characterised by "discolouration, intense 
ammoniacal smell and appearance of insects." The f011l1er two suggest advanced 
"pink" spoilage. 
This tallies with the author's observations noted in section I(i) and the findings of 
George Joseph et al.(1988) who, on examining 358 samples of sun-dried/dry-salted 
fish, noted evidence of pink ("red") spoilage in 62% of them. It was not stated 
whether antimycotic agents had been used in their preservation. 
The studies of Young et al.(1973) on tunnel-dried abalone revealed a mould-free 
shelf-life of several months in temperate climatic conditions, even though samples 
had been dried only to 40% water content (wet basis) so that their aw' at the start of 
storage, was considerably higher than 0.7, the minimum aw for mould growth. 
During storage (9 months at temperate ambient) however, it was found that the water 
content had decreased to 8 - 13% and aw to 0.3. 
The reverse seems to be true when dry-cured fish is stored in tropical ambients: even 
when the aw is reduced in processing to levels considerably below 0.7, uptake of 
water from the humid surroundings is such that spoilage very quickly ensues. Hence, 
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as Troller and Christian (1978) observed, the susceptibility of tropics-produced, 
dried, salted fish to spoilage by mould, particularly the dun species, Wallemia sebi, is 
high. 
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V AIMS OF PRESENT WORK 
Means are available for extending the storage life of cured fish under humid 
environmental conditions. The options are: 
(i) the prevention of water uptake from the humid ambient, and 
(ii) the inhibition or destruction of the agents of spoilage in the product. 
These are not mutually exclusive, indeed (i) might be the means of accomplishing 
(ii), and (ii) might be employed whether or not the measures taken to achieve (i) are 
successful. 
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V (i) Barriers to water uptake 
Packaging has been considered in section IV(i) but its major drawbacks are that: 
(a) its cost would very significantly increase the unit cost of the product and put it 
beyond the means of much of its present market; 
(b) the market is unfamiliar with the product in packaged form and might be 
suspicious of the motives behind packaging, for example, whether it was to 
conceal inferior quality; 
(c) the product being often hard, rigid and angular, the package might puncture 
and tear, thus quickly becoming useless, during transit handling. 
A more practical solution to the rapid uptake of water in humid climates might be to 
surface coat the finished product by dipping or spraying with some edible substance 
which would subsequently retard the ingress of water. 
Previous work has shown the effectiveness of this proposition. Motlagh (1982) 
showed that the dipping of lime fruits in an emulsion of polysaccharide and sucrose 
esters of fatty acids retarded moisture LOSS compared to that from control samples. 
Similarly, Fargher (1987) showed the varying barrier-to-water-vapour properties of 
some edible fats in different layer thicknesses. 
Fish has been described as a fibrous gel (Hamm 1962) and since these fibres are 
organised in bundles in the muscle, it seems likely that there would be some 
directional differences in the rate of water movement. The rate of water uptake, or 
removal, might then depend upon whether it was moving across or along muscle 
fibres. Hence, the manner in which the fish was cut and prepared for drying would 
affect the rate at which it dried and the rate at which it resorbed moisture from a 
humid atmosphere. Trying to explain the very slow rate of solutes diffusion in food 
(one-fifth of the rate in water) Guerts et al. (1974) suggested that obstructions due to 
the tortuosity of pores could account for the retardation. If there is a difference 
between "across" and "along" fibre drying rates, this "pore tortuosity" might be 
responsible. 
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V (ii) Spoilage inhibition 
Small uptake of water by dried fish leads to a disproportionately large increase in 
water activity and, therefore, its propensity to spoil unless other preservative 
measures are, or have previously been, taken. 
Refrigeration, natural or mechanical, is used to preserve salted, partially-dried fish 
during the "pining" stage of the traditional "kench" cure process for bacalao. The 
product aw at this stage is too high to delay the growth of xero-tolerant moulds or 
halophilic bacteria for more than a few days at temperate ambient, but below 5'C, the 
product remains unspoiled for upto a year (Giles-1990). 
Modified Atmosphere Packaging (MAP) of salt-cured fish has also been 
demonstrated to extend its shelf-life by Ibrahim (1986). 
These techniques of supplementary preservation will not be considered in this study, 
however, because they are not frequently available options in most of the tropical 
markets where the end-product is sold. 
Destruction of the agents of spoilage by heat treatment, as a supplement to 
preservation by drying, has the drawbacks of being lastingly effective only when 
recontamination can be prevented and being additionally deleterious on textural 
quality. 
The preservation of fish by salt-boiling is, nevertheless, widely practised in South-
East Asia. Pindang is produced in Indonesia by covering and sealing fish (which are 
placed on a bamboo-slat trivet to prevent them from adhering to the base and 
scorching) with salt in earthenware pots which are heated over naked flames until all 
the contents are thoroughly cooked. The amount of salt used is upto 25% of the fish 
weight and a small amount of water (upto 12% of fish weight) enables more efficient 
heat distribution initially. The pots and their contents (Figure 12), after decanting 
surplus brine and cooling, can be stored, for upto two weeks under tropical ambient 
conditions, 26-29'C and 70-90% RH, provided the sealing layer of salt remains 
undisturbed. 
55 
Ibrahim (1986) found thatpindang, produced in this manner changed in composition 
during storage thus: 
TableS. 
after 1 day 
after 14 days 
water content 
(% wet basis) 
58.5 
44.5-48.0 
salt content 
3.0 0.97 
8.5-9.5 0.82-0.87 
The expiry of shelf-life, which in tropical markets was heralded by the occurrence of 
ammoniacal and putrid odours and slimy appearance, coincided, in Ibrahim's 
experiments, with the sensory detection of rancidity, over-saltedness and dryness. 
This reflected the compositional difference between the laboratory-prepared samples 
and those purchased on tropical markets which had water and salt contents of 60 to 
67% and 0.7 to 3.9% respectively. Differences in preparational hygiene standards and 
individual tolerance to rancid flavours would also have affected the results such that 
the laboratory-prepared samples remained free from the normal signs of microbial 
spoilage, even after 42 days in tropical storage conditions, although they had been 
pronounced sensorially unacceptable after 14 days. 
Rolfe (1976) suggested the addition of humectants which would permit relatively 
high water levels in cured products so that all bound water would be retained and 
structural change affecting texture would be reduced or eliminated. Sodium lactate, 
for example, was said by Loncin (1975) to depress aw more than predicted by 
Raoult's Law for a given concentration and, for preservation purposes, was even more 
synergistically effective in combination with sodium chloride. 
Considerable stability could also be achieved by the removal of lesser amounts of 
water from food supplemented by suitable adjustments in pH andlor addition of 
antimycotic agents. 
Karel (1976) classified i.m. food production techniques as "moist infusion", "dry 
infusion" and "blending". In this work it was intended to examine dry infusion, 
whereby already-dried fish would be infused by dipping it into a brine solution 
followed by redrying, as a method of extending shelf-life in tropical storage. 
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Inhibition of spoilage may, also, be effected by the destruction of the 
microorganisms still present in the product or contaminating it after the curing 
process. Dipping the product in a weak solution of sodium metabisulphite before the 
final drying stage has the effect of killing most of the microbes present and 
preventing the growth of post-process contaminants, particularly the causative agents 
of "pink" spoilage (Giles-1990). Attitudes and legislation on the use of this chemical, 
however, precluded its investigation as an option in this work in order that possible, 
"non-additive" solutions to the problem could be tested. 
For similar reasons, the option to retard proliferation of spoilage flora during humid 
storage by irradiation treatment of the cured product has, likewise, been ignored. As a 
future investigation, however, the use of additional preservative measures for cured 
fish destined to be stored in a humid environment might be considered. 
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V (Hi) Experimental Objectives 
1. To determine the sorption isotherms for cod dried in air under different 
conditions and compare observed sorption behaviour with that predicted from 
mathematical models. 
2. To examine the effect of drying conditions and extent on the sensory quality 
of dried cod. 
3. To discover whether there is a difference in drying rate due to whether water 
moves predominantly ACROSS or ALONG muscle fibres. 
4. To discover whether the method of curing (drying, salting and/or smoking) 
affects the rate of water uptake in humid storage. 
5. To evaluate the efficacy of different barrier substances, applied to cured fish 
samples prior to storage, in reducing their rate of water uptake in humid, 
tropical conditions. 
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VI MA 1ERIALS AND METHODS 
VI (i) Sorption isotherms: water activity and water content 
. 
Fresh cod fillets, purchased from a Grimsby Fish Dock wholesaler, were dried in a 
current of warm (40'C dry bulb) air, skin side down on plastic-covered metal racks 
with the air impinging on the fillet surface in a perpendicular direction from above. 
The fillets were weighed and samples incised with a scalpel from the flesh surface 
(yellow, opaque surface - YOS) and from deep within (translucent centre - TC) the 
fillet, close to the under-surface of the skin at intervals during the drying period. 
Using plastic gloves to avoid transferring moisture from the hands to the samples, the 
latter, having been chopped in a thoroughly dried liquidiser, were placed and sealed 
in three "Novasina" water activity sample boxes. The % Relative Vapour Pressure 
(R.V.P.) for each of the triplicate samples was recorded after equilibration of the 
headspace atmosphere in the opened box at 2S'C under the "Novasina" sensor for one 
hour. (Water activity was taken as R.V.P./lOO.) 
After recording aw' the triplicate samples were used for water content tests. Each 
was dried, in a 10S'C moisture oven, over the period found necessary to achieve 
constant weight (l8+/-6h), and moisture content estimated by difference. 
The mean of the triplicate values for the above was used for plotting the sorption 
isotherm and for checking the predictive usefulness of the sorption models of Halsey 
(1948) and Lupin et al. (1981) and the table of Doe et al. (1982) discussed in section 
II(iv). 
When the fish samples had dried to almost eqUilibrium with the drying air, that is, to 
a level where weight change with drying time was very small, they were placed in a 
2S'C (dry bulb) 80% RH controlled ambient Fison's BR 18S climatic cabinet. 
Weight gain in each individual fillet were recorded, as had been the weight losses 
during drying, at intervals. Samples were similarly incised from the fillets and treated 
for water activity and water content determinations as before. 
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This experiment was repeated many times for fish samples which had been 
dehydrated under different conditions: 
30·C dry bulb = cool (C) 
60·C dry bulb = hot (H) 
0.45 m/s air velocity = slow (S) 
1.3 m/s air velocity = fast (F) 
- which, after drying, had been dipped in an intended surface barrier substance before 
storage, and 
- which had been salted before or after drying. 
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VI (ii) Ash and salt contents 
The samples treated with salt or brine were analysed for ash and salt contents after 
aw and water content measurements had been made on them. 
The weighed dried samples were gently charred over a bunsen burner and then 
placed in a muffle furnace at 550·C to incinerate until the sample was completely free 
from carbon particles. The dish was then placed in a dessicator to cool for 30 minutes 
before re-weighing to find the ash content. 
The ash from each sample was dissolved in 100 cm 3 distilled water in a graduated 
flask. 10 cm3 of the solution was pipetted into a smal! conical flask and titrated 
against 0.05M silver nitrate using potassium chromate as indicator. 
Both ash and sodium chloride contents were expressed as % of the dry solids content 
of the samples. 
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VI (iii) Sensory assessment 
After drying to different water contents, some of the dried fish samples were 
immediately rehydrated by immersing them overnight in a refrigerator and cooked by 
simmering them in 90·C water for 30 minutes. 
A panel of three tasted, discussed and agreed upon the characteristics of the samples 
presented before they were recorded. 
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'-FIGURE 13: Diagram of arrangement of W-shaped myotomes of fish muscle 
individual myotome 
(.) 
4.ff/, 
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FIGURE 14: Diagram to show application of vacuum grease to fish myotome 
block to water flow (a) parallel and (b) perpendicular to the 
myofibrils" 
VI (iv) Direction of water movement during sorption processes 
Fish muscle is organised into W-shaped (Figure 13) myotomes, hence its flakiness 
when cooked. Columns of such flakes were incised from the raw fillet by carefully 
sectioning along the connective tissue septa separating muscle columns. And by 
sectioning between individual myotomes, blocks with approximately equal height and 
diameter dimensions were obtained. 
Prior to drying under the temperature and humidity conditions of VI(i), a thick layer 
of vacuum grease was applied, as shown in Figure 14: 
- either to the upper and lower faces of the myotome block (thUS attempting to arrest 
the movement of water parallel to the axes of the myofibrils within the myotomes) 
- or to the circumference of the cylindrical block (thus attempting to arrest the 
movement of water perpendicular to the myofibrillar axes). 
The samples were arranged in the basket of the experimental tunnel drier with their 
exposed faces (i.e. those not coated with vacuum grease) parallel to the air flow. 
Observations of drying rate with time of drying were recorded on quadruplicate 
samples for two drying runs under the following conditions:-
1. Air velocity 1.3m/s; Air temperature 39'C dry bulb; 22 de:. W~ t t .. n,. 
2. Air velocity O.7Sm/s; Air temperature S2'C dry bulb; 2S'C wet bulb. 
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VI (v) Drying surface area 
The surface area of fish muscle blocks and fillets before drying were measured by 
contacting each surface with greaseproofpaper, drawing around the wetted "imprint", 
tracing onto squared graph paper and counting squares. Using these, drying rates 
were computed and quoted per square metre of surface exposed, ignoring the 
shrinkage which occured during the drying operation because the increased 
irregularity and rigidity of the surface made such measurement too difficult. 
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VI (vi) Water uptake in humid storage as affected by curing method 
Batches (P,Q,R and S) of skinned cod fillets were dried at air velocity 1.3m/s, dry 
bulb temperature 40'C and RH 20% over an eleven hour period, recording the weight 
of each fillet on eight occasions over this time. 
Batch P, the control batch was dried only for a further Sh 20 min under the same 
conditions as before. 
Batch Q was buried in dry salt overnight (16 hours) after which the salt was brushed 
from the surfaces and the batch was dried for a further Sh 20 min under the same 
conditions as before. 
Batch R was immersed in saturated sodium chloride brine for IS seconds,dried back 
to its pre-brining weight and then dried for a further 5h 20min under the same 
conditions as before. 
Batch S was immersed in saturated sodium chloride brine for 15 seconds, hot 
smoked at 80'C for one hour and dried for a further Sh 20min under the same 
conditions as before. 
Half of the samples P,Q,R and S were placed in a climatic cabinet (Fison's BR 18S) 
at 29'C dry bulb temperature, 80% RH for 72.3 hours after which the conditions were 
altered to 24'C dry bulb, 90% RH and storage contiued for another 120.7 hours. 
Batch weights were recorded periodically over the storage trial until indications of 
incipient spoilage (Le mould growth, surface slime fonnation, "pink" spoilage, 
putrefaction) became obvious. Water content, having been detennined for the fresh 
fillets prior to the first drying stage,was expressed for each batch on the basis of 1 
square metre of surface initially exposed. 
The other half of samples P,Q,R and S were subjected to a storage environment of 
alternate periods of 8 hours at 29'C dry bulb, 70% RH and 16 hours at 2S'C dry bulb, 
90% RH in an attempt to model the daily cycling nature of temperature and humidity 
in the tropics. Batch weights were recorded at each climatic changeover until signs of 
spoilage became obvious as before. Water contents for each batch, on the basis of one 
square metre of surface initially exposed, were computed. 
At each weighing a sample fillet was taken for aw' water, ash and salt content 
analyses. 
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Repeat batches of fillets which had been dried (only) under different conditions, 
namely: 
fast/cool = 1.3 m/s; 30'C dry bulb; 30% RH 
slow/cool = 0.45 m/s; 30'C dry bulb; 30% RH 
fastlhot = 1.3 m/s; 60'C dry bulb; 10% RH 
slowlhot = 0.45 m/s; 60'C dry bulb; 10% RH 
were subjected to cycling humid storage as before and the same 
analyses performed to discover whether drying conditions showed any effect on 
product sorption characteristics. 
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VI (vii) The efficacy of barrier substances applied to cured fish surfaces in 
retarding water uptake 
After dried fillets had been prepared in the manner of batch P in the preceeding 
section, batches were coated in different barrier substances: 
5% "Prolong": (a suspension of carboxymethyl cellulose combined with sucrose 
esters of monoglycerides) : one dip followed by drying to the original dry weight. 
~ 
2% "Prolong": 3 dips interspersed by <1ng to the original dry weight. 
2% "Capsul": (a solution of a waxy maize dextrin modified by treatment with 
octenyl succinic acid and dry roasting): 3 dips interspersed by drying to the original 
dry weight. 
HPKO (Hydrogenated Palm Kemal Oil): one dip in cool but liquid HPKO which was 
allowed to solidify on the surfaces before further treatment. 
Vegetable Oil (Craigmillar "Saladin"): one dip with agitation to avoid air bubbles 
which might have given rise to bare patches on the fillet surfaces. 
Barrier coated batches of fillets were stored in the climatic cabinet set at 25"C dry 
bulb and 80% RH. Weight changes (on a 1 square metre original surface area basis) 
were recorded throughout the storage period and compared with the changes in 
control samples without barrier coatings. 
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VII RESULTS AND DISCUSSION 
To what extent fish during sorption acts as a gel or a bundle of fibres (to use Hamm's 
1962 protein organization extremes) affects the rate of water movement and the 
sensory characteristics of the product upon rehydration and consumption. The 
sorption isotherms presented (Figures. IS to 20) suggest that sorption characteristics 
depend upon: 
(a) whether initial de sorption or subsequent resorptions and desorptions are 
taking place (Figure 15); 
(b) the set of parameters (e.g. air temperature. air velocity and salt content as 
covered by Figures 19 and 20) used in the curing operation; and 
(c) the extent to which desorption has taken place (illustrated by the differences 
between the isotherms YOS and TC in Figures 16. 17 and 18). 
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VII (i) Sorption isotherms for cod: the effect of the extent of curing on hysteresis and 
qUality. 
Micro-organisms have been found to grow more rapidly at given water activities 
reached by desorption than by adsorption (Lubuza et al. 1972) and it has therefore 
been suggested (Kapsalis, 1981) that this phenomenon might be exploited in the 
preparation of intermediate moisture foods. This does not mean that the water added 
to a dehydrated material may excede that present in the same material as it is 
dehydrating for the same anti-microbial effect. The hysteresis of the water content 
against relative vapour pressure sorption isotherm indicates that the same relative 
vapour pressure may be reached during resorption at a considerably lower water 
content than when it was reached during initial desorption (Labuza, 1977). 
That there is a degree of hysteresis between the sorption isotherms for drying fresh 
fish and rehydrating dried fish was evident in this work (Figures 15, 16 and 17). 
[Exponential regressions ( y = AeBx ) on the desorption and resorption curves, in 
Figure 15, reveal their differences, thus: 
Desorption 
Resorption 
A 
3.43 
1.69 
B 
0.032 
0.039 
Correlation Coefft. 
0.99 
0.93 
The extent to which the "sorption hysteresis" effect counterbalances the "microbial 
spoilage hysteresis" effect may depend upon the degree to which the fish is 
dehydrated before resorption takes place. For example, the "yellow, opaque surface" 
patches, which seemed to occur in places where relative vapour pressure (RVP) had 
been reduced below 50%, exhibited higher relative vapour pressures for the same % 
water (dry weight basis) readsorbed than the "translucent centre" (Figure 18). It 
would be expected, from the foregoing argument, that the Y~S samples would begin 
to spoil at lower water content than TC samples, but further work is needed to verify 
and quantify this. 
Hardman (1985) notes that a different value of RVP (water activity) is obtained for 
the same moisture content depending on whether the system is sorbing or desorbing 
water. This hysteresis effect must be due to decreased ability of the water binding 
sites on fish component molecules to bind water after dehydration. A combination of 
the two reasons discussed in the following two paragraphs may be responsible. 
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Working on water sorption by textile fibres, Hailwood and Horrobin (1946) assumed 
that water, associated with a fibrous material, existed either in solution or combined 
to form a hydrate with a definite unit of the fibre molecule. Noting that their derived 
sorption model equation (given in Section II(iv» failed to account for hysteresis, they 
explained the phenomenon in terms of the changing accessibility of polar groups 
throughout the absorption process. Thus, as adsorption and swelling of the polymer 
fibres proceeds, some portions of the crystallite regions open, exposing more polar 
sites. Since these newly exposed sites also become hydrated, the adsorbed water 
exceeds that calculated on the assumption that M, the molecular weight of a polymer 
molecule capable of combininig with one molecule of water, is constant. Hysteresis, 
then, is due to the fact that when the saturated fibre is desorbed, there is a lag in the 
reformation of crystallites. 
The crosslinking of protein molecules noted by Obanu et al. (1975) in stored 
intermediate moisture beef would, if the same occurs in dehydrating and dehydrated 
white fish, block some water binding sites. Salwin (1959) noted that once a food 
material has lost the amount of water required to sheath reactive sites on its molecules 
the latter become accessible to oxygen attack. The attachment of an oxygen molecule 
to a binding site of a protein produces, according to Klotz and Heiney (1957), an 
"incongruity in the aqueous covering sheath" which could affect the hydration 
characteristics of this and neighbouring binding sites. 
Although no attempt was made to determine whether a statistically valid relationship 
existed between sensory appreciation of textural quality and the increased loss of 
water binding capacity apparent when fish is dehydrated below RVP 50%, the loss in 
succulence of the yellow, opaque surfaces compared with the translucent centre 
portion was noted in sensory testing. This coincides with the observation by Young et 
al. (1973) that, for dried abalone, translucence is associated with a quality product. 
Wolf et al. (1972) found that dried haddock showed a large decrease in its capacity 
to sorb water with storage time which corresponded to decreases in colour, taste and 
rehydrateability quality attributes. The hysteresis in such sorption isotherms as that 
shown in Figure 15, as quantified by measuring the area enclosed by the loop or its 
width at certain RVP values, for example, might, therefore, provide an "index of 
quality" for dehydrated fish. 
It seems that the textural eating quality of rehydrated white fish can be adversely 
affected by air drying to unnecessarily low RVP levels, and this, to some extent, can 
be perceived visually. Combining salt addition with the dehydration process allows 
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preservation to remain effective at higher water contents. Salting prior to drying, 
although it retards the rate of water removal, yields a product with a much higher 
equilibrium water content (Berhimpon et al.- 1990). 
The drying process, therefore, need not be so extensive as to cause over-drying. The 
deleterious effect on texture associated with over-drying may, therefore, be largely 
avoided by limiting drying times and/or by combining the processes of drying and 
salting. 
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VII (ii) Comparison of observed sorption behaviour with that predicted from 
mathematical models. 
The gradient and intercept differences on the Halsey sorption models (obtained from 
the data used to produce the isotherms in Figures 15, 16, 17, and 20) for desorption 
and resorption (Figures 15a, 16a, 17a· and 20a) could be used in the control of fish 
drying processes and, hence, product quality. This would be an alternative, requiring 
much fewer data, to the laborious experimental procedure of ascertaining the sorption 
isotherm and g .. ging its extent of hysteresis against specified standards. The 
introduction of salt into the curing process, however, might complicate this approach. 
In Figure 19, the relationship between the percentage (d. w.b.) water excess to the 
requirements of that needed to constitute a saturated brine in the fish tissues, and 
percentage relative vapour pressure is shown. The curve appears very similar to that 
of the resorption isotherm for dried white fish (Figure 15). Exponential regression 
(where y = AeBx) gives values of A to be 0.72 and 1.69 respectively for salted and 
unsalted with values of B, 0.075 and 0.038 respectively, and coefficients of 
correlation 0.92 and 0.93 respectively. Both resorption isotherms pass through the 
preservation significant zone (Scot!, 1957) RVP 70-80% as the amount of water 
(above that required to make a saturated brine of the contained salt) increases from 
approximately 20 to 35% on a dry weight basis. Halsey sorption models using data 
thus modified could still, therefore, be used. 
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Table 6. Comparison of Measured and Predicted aw' 
Mw/Mb Ms/Mb aw(Doe) aw(Lupin) aw(measured) 
0.193 0.046 0.69 0.83 0.51 
0.170 0.078 0.58 0.67 0.52 
0.158 0.103 0.56 0.53 0.53 
0.223 0.047 0.76 0.85 0.53 
0.217 0.073 0.67 0.76 0.55 
0.254 0.072 0.74 0.80 0.55 
0.213 0.054 0.73 0.82 0.56 
0.233 0.086 0.67 0.74 0.59 
0.171 0.056 0.60 0.77 0.59 
0.261 0.066 0.77 0.82 0.62 
0.300 0.112 0.72 0.73 0.64 
0.325 0.075 0.82 0.84 0.66 
0.390 0.141 0.74 0.74 0.67 
0.272 0.037 0.85 0.90 0.68 
0.420 0.056 0.90 0.91 0.71 
0.277 0.045 0.83 0.89 0.76 
0.352 0.025 0.92 0.95 0.79 
0.403 0.033 0.93 0.94 0.79 
0.467 0.036 0.94 0.95 0.81 
0.490 0.037 0.95 0.95 0.82 
0.433 0.028 0.95 0.96 0.82 
0.701 0.053 0.96 0.95 0.83 
0.544 0.042 0.95 0.95 0.84 
0.652 0.048 0.95 0.95 0.85 
0.434 0.029 0.94 0.95 0.85 
0.471 0.034 0.95 0.95 0.87 
0.538 0.034 0.96 0.96 0.87 
0.714 0.040 0.97 0.96 0.88 
0.717 0.043 0.96 0.96 0.88 
0.688 0.056 0.96 0.94 0.89 
0.617 0.039 0.96 0.96 0.89 
0.805 0.064 0.96 0.95 0.89 
0.632 0.040 0.96 0.96 0.89 
0.651 0.041 0.96 0.96 0.89 
0.728 0.045 0.96 0.96 0.90 
0.896 0.072 0.96 0.94 0.91 
0.819 0.057 0.96 0.95 0.91 
0.706 0.032 0.97 0.97 0.91 
0.655 0.031 0.97 0.97 0.92 
0.851 0.039 0.98 0.97 0.92 
Concerning the prediction of aw from a knowledge of cured fish salt and water 
content, it is evident, from Table 6, that the measured %RVP values for dried and 
lightly salted fish were consistently lower (by amounts ranging from 3 to 23%) than 
values predicted purely from salt and water content in Table 4 taken from the paper 
by Doe et al. (1981). 
The latters' results revealed much closer agreement between calculated and actual 
water activity. These results, however, were for heavily salted and dried fish where 
83 
the salt content ranged between 45 and 150% of the dry matter content, whereas the 
results in this study were for dried fish which were only lightly salted with salt 2.8% -
14% of the dry matter content. Perhaps not surprisingly, some of the largest 
discrepancies between "calculated" and "measured" in both sets of results occur in the 
middle, "plateau" zone of the sorption isotherm where very small changes in water 
content provoke very large changes in product RVP or water activity. Additionally, 
considering the hysteresis in the isotherm and its sensitivity to drying conditions and 
extent, prediction of aw from salt and water content in this region is unlikely to 
coincide with measurement. 
A least squares linear regression fit of the "calculated" against "measured" data for 
lightly salted dried cod gave the relationship: 
RVP(calc) = 0.849 RVP(meas) + 22 
with a correlation coefficient, r = 0.94 which compares 
with the Doe et al. (1983) relationship: 
aw(caIc) = 0.977 aw(meas) + 0.021 
with a correlation coefficient, r = 0.99. 
A comparison of observed (using the "Novasina" aw meter) against expected (using 
the Doe et al. table) results for more heavily salted cod samples, revealed the 
following: 
WATER SALT EXPECTEDaw OBSERVEDaw 
(on % wet basis) 
3.2 45.8 0.12 0.23 
44.5 38.0 0.75 0.75 
57.4 9.2 0.89 0.91 
-suggesting better agreement than obtained with the lightly salted and dried 
samples, at least over the aw range of most commercial samples bought on tropical 
markets (Hanson and McGuire, 1982). 
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Prediction of aw using the equation obtained by Lupin et al. (1981) viz.: 
(aw)sf = 1.002 - 0.042m 
(where (aw)sf is the water activity of salted fish and m is the molality of the solute, 
i.e. of the salt, in the water of the fish) 
-revealed (Table 6) an even greater deviation upwards of the measured 
values. This equation was given, however, for moist salted fish products like 
anchovy; and it was remarked that any drying which accompanied the brine-salting 
process resulted in measured values of aw being less than those predicted using the 
equation. Even the small amount of drying effected by pressing resulted in such 
deviation between observed and expected. 
It appears, then, that the medium in which the salt/water system exists has an 
increasingly significant effect on aw as its proportion increases beyond that of 
salt/water as drying proceeds. 
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VII (iii) The effect of drying conditions on the sorption isothenn and cured fish 
quality. 
The effects of the drying air temperature and velocity on the rate of water sorption by 
the product were investigated and the results were summarised in Figures 20 to 23. 
Iglesias and Chirife (1976) found that the temperature of drying affected the sorption 
capacity of dried beef. The higher the drying temperature the lower the sorption 
capacity appeared. That is to say, the higher had been the drying temperature, the 
less water needed to be re-adsorbed to achieve a given water activity. They pointed 
out, however, that this observed lowering of the isothenns with drying temperature 
did not necessarily indicate a reduction in the product's rehydration capacity, as most 
water, taken up on rehydration, became loosely bound water, associated in a three-
dimensional bonded network, rather than water which was tightly bound to specific 
sorption sites. 
It appears reasonable to suppose that the rate of rehydration, where water taken up is 
to become "loosely-bound", would be faster where the structure is open and fibrous, 
lending itself more readily to capillary condensation. Certainly, in this work, fish 
samples dried at higher temperatures exhibited a greater proportion of yellow, 
opaque, fibrous area to translucent gel-like area and sorbed water faster than low 
temperature-dried samples. Additionally disadvantageous, the cross-linking of 
proteins, which occurs in flesh products to a greater extent with increasing 
temperatures, leads to a lower water holding capacity (Obanu et aI., 1975) so that 
larger water activity variations result from smaller water content changes. 
The effect of air velocities and temperatures, used during desorption, on the sorption 
isothenn were also investigated (Figure 20). Although Doe et al. (1982) conclude that 
the sorption isothenns are probably influenced by temperature of drying, more 
results would be needed than available from this work to make a definitive statement 
upon the effect of varying these parameters on the sorption isothenn. However, 
Jones' and Peralta's work (1980) where temperatures, only, were varied between 50 
and 100'C, was similarly inconclusive. Only the sorption isothenn for 50'C dried cod 
(Section III(iii) - Figure 8) showed greater water adsorption capacity for given water 
activities consistently over the whole range compared to those for cod dried at higher 
temperatures (65, 80 and lOO·C). No mention is made, however, of what effects 
these higher drying temperatures would have on the sensory properties of the 
reconstituted product. 
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Curran and Poulter (1983) decided that the sorption characteristics of fish muscle 
were unlikely to be affected by the limited range of temperatures extant in 
commercial dehydration processing in the tropics. 
Only two dry bulb temperatures 30·C (cool) and 60·C (hot) in combination with air 
velocities 0.45 (slow) and 1.3 ms·! (fast) were used in this work. 
For a given aw value, a higher water content suggests that less damage has been 
sustained by the structural components of the food material during the drying 
operation. 
Interestingly the slow drying process produced dried cod seemingly capable of 
adsorbing greater quantities (Figure 20) of water to achieve a given RVP than dried 
cod samples produced by the other 3 temperature/air velocity variations. This 
coincides with Doe et al. (1982) view that fish dried at temperatures above 3!SC 
show a higher water activity for a given moisture content than would apply for fish 
dried below 31.5· C. 
Figure 23 shows the water sorption behaviour of the differently dried samples 
subjected to alternate exposure to high and moderate humidity ambients (modelling 
the daily cycling of climatic conditions in the humid tropics). In general, through the 
storage period of alternate high (92% RH) and moderate (70% RH) humidites, the 
samples dried at the higher temperature (60·C) showed steeper gains and losses of 
water with time than the samples dried at the lower temperature (30·C). 
Drying air velocity seemed to have a lesser effect on subsequent sorption rates in 
samples subjected to cycling humidity storage than drying air temperature. Although 
slightly faster sorption rates for the fastlhot dried samples compared to the slow/hot 
dried samples were discernible. 
From this, in terms of water content changes, it appears that the slow!cool dried (s/c) 
sample was least affected, and the fastlhot dried (f/h) sample most affected by the 
cycling climatic conditions. 
In the opinion of the author, this "slow, cool" sample was the only one of the four 
with satisfactory sensory atnibutes. 
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Observations during these experiments, suggest, that for best sensory quality and 
longest shelf-life in a typical, humid tropical environment, air drying temperatures 
and velocities be as low as is compatible with achieving a preservation adequate aw 
in the centre of the flesh before undesirable spoilage or toxification occurs. This 
concurs with the findings of Berhimpon et al. (1990) that the lower the temperature at 
which fish is dried, the higher the taste panel scores obtained on the reconstituted 
product. 
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VII (iv) Parallel and perpendicular to myofibril water movement during 
sorption processes. 
The cod used in these investigations contained between 450 and 550 g water per 
lOO g of dry solids of which most is protein. But protein cannot bind more than 20 g 
water per lOO g dry matter as water of hydration (Hamm, 1963). Haurowitz (1950) 
suggests that the rest of the water which is held in fresh flesh is "free" water 
immobilised by a flexible network of filaments and membranes. 
In fish muscle blocks, these filaments and membranes are not directionally random 
but ordered linearly as myofibrils and their associated membranes. 
Cross I seer.OI1 
Figure 24. Diagram of a section of fish muscle to show the myofibrillar arrangement. 
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Water desorbed from the muscle blocks during drying will move in all directions 
towards the surface, in pathways ranging from parallel to perpendicular to the 
direction of the myofibrils. But, when cut, little of the water leaks out from the cut 
surface because it is held by weak, long-range forces or by capillary suction in the 
pores formed between the macromolecules (Labuza, 1977). The suction pressure, 
due to interaction of pore surfaces with water, can draw water columns to significant 
heights. Taking 10-IOOrm as being the range of pore sizes typical in most foods, 
Lewicki et al. (1978) suggested that to remove this "free" water, it would take an 
external force equivalent to a head of water ranging from 150 to 1500 cm (Le. the 
height to which 100,m and lOrm pore diameters respectively could draw water). 
Figures 25 & 26 show a significant difference in the rate of desorption from fish 
muscle in directions parallel and perpendicular to the arrangement of myofibrils 
within the fish muscle block. This difference only persists through the initial stages 
of drying. After 1 to 2 hours, depending upon drying conditions, the difference 
disappears. This suggests that initially the mean diameter of pores running parallel is 
greater than that of those running perpendicular to the myofibrils. 
As drying proceeds this directional difference in de sorption rate quickly disappears. 
Possibly this coincides with the flesh surface becoming dry and desorption rate 
coming to depend upon the rate at which water vapour diffuses across the ever-
widening dry zone rather capillary suction created by evaporation of water from the 
surface. 
Alternatively, what is referred to by Guerts et al. (1974) as "pore tortuosity" 
increases as drying proceeds and shrinkage occurs such that the difference between 
"across" and "along" water movement rate decreases. 
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VII (v) Effect of curing method on rate of water uptake and humid storage life. 
The desorption history of cod fillet samples which had been dried for 11 hours and 
then subjected to further drying only (P) dry-salting & drying (Q) brining & drying 
(R) and brining, hot-smoking & drying (S) as de~bed in section VI(vi) is shown in 
Figure 27. 
Figures 28 and 29 show that salt addition increases the rate of water uptake by dried 
fish in humid storage. Although the relative vapour pressure of salted, dried fish was 
considerably lower than that for fish which was dried only at a given water content, 
the increased rate of water uptake occasioned by the salted or brined samples 
rendered them more rapidly susceptible to microbial spoilage. This took the form of 
the appearance of mould colonies on the surface of mildly salt cured samples and the 
appearance of pink patches (due to growth of halophilic bacteria) in heavily cured 
samples. 
Hamm (1963) noted that addition of sodium chloride strongly increased water 
holding capacity and swelling capacity of meat at its normal pH value. This chloride 
ion is largely responsible for the increased water imbibing power as they effectively 
screen the positively charged sites on the protein molecule, weakening the salt cross-
linkages between polypeptide chains, and, thereby, loosening the protein structure to 
facilitate water uptake. This could explain the Berhimpon et al. (1990) observation 
that the more heavily the fish has been salted, the slower the drying rate and the 
higher the final water content. It could also explain the increasing rate of water 
uptake with increasing salt content in the product noted in this work. 
Given the difference in initial water contents of samples Q and R (Figures 28 and 29) 
there seemed to be no apparent difference in their water uptake rates. The hot-
smoked samples S, however, appeared to take up water more slowly than either of the 
latter two in the more humid storage conditions. The heat of the smoking process 
changing the surface structure and/or the deposition of hydrophobic substances from 
the smoke in the surface layer may account for such a difference. 
[Although smoking after drying is an unconventional order of process, it is used 
commercially in Malawi and other parts of East Africa (Mkandawire, 1985)]. 
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Table 7. Movement of water and salt in samples Q and R under humid then dry 
storage conditions. 
Stage I - after drying and dry-salting (Q)/brining (R) treatments and 2 hours of 
storage at 25'C(db), 80%RH. [samples s taken from the surface of the cured fillets, 
samples m, from mid-way between surface and centre and samples c from the 
centre]. 
Q R 
m ill 
% water (dwb) 13.7 17.8 20.3 17.0 19.3 22.3 
% salt (dwb) 10.3 7.3 7.2 7.6 4.6 4.7 
%RVP 5355 55 52 51 53 
Stage 2 -after a further 7 days' storage at 25'C(db), 80%RH. 
% water (dwb) 59.9 68.8 80.5 47.1 61.7 71.4 
% salt (dwb) 7.1 8.1 8.9 5.4 5.9 6.0 
%RVP 8889 89 86 89 90 
Stage 3 -after a further 2 days' storage at 15'C(db), 40%RH. 
% water (dwb) 23.3 30.0 39.0 21.3 26.1 32.5 
% salt (dwb) 6.69.2 12.1 5.4 6.6 7.5 
%RVP 5964 67 56 62 66 
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Movement of salt during water sorption by fish often appeared (Table 7) to be in the 
opposite direction to the movement of water. Although after stage I, the greatest 
proportion of the salt remained at the surface, a considerable quantity had diffused 
towards the centre counter to the movement of water. After humid storage, stage 2, it 
appeared that salt had diffused towards the centre, where the water content had 
remained highest, bringing about osmotic equilibration and the direction of this 
movement had remained the same, again counter to the movement of water, during a 
further cycle of de sorption. 
Throughout, the solute moved from zones where it was more concentrated to those 
where it was less concentrated. 
That there seemed to be considerable diffusion of solute, even at relatively low 
moisture levels, was expected from the work of Duckworth and Smith (1963), where 
significant movement of solute was detected even when food had been dried almost 
to a level equivalent to the theoretical B.E.T. monolayer water content calculated by 
Salwin (1959). 
Young et al. (1973) noted the tendency of salt to diffuse towards the surface during 
rehydration at high humidities counteracting the tendency for RVP to rise rapidly due 
to water adsorption from the humid environment. Such movement of salt from centre 
to surface would allow RVP to rise at the centre perhaps faster than at the surface. 
This coincides with observations in this work where centre RVP's were higher than 
surface RVP's during rehydration in humid storage and with frequent occurences of 
halophilic bacterial spoilage at the centre of salted dried fish which otherwise showed 
no signs of mould spoilage at the surface. 
Lupin (1978) suggested that red obligate halophiles, which will grow at 75% RVP, 
can best be prevented from proliferating by good hygiene during the production of 
dried salted fish. However these organisms, which lie dormant in the product whilst 
the RVP remains well below 75% or the store temperature below woe, rapidly 
proliferate once again when humid storage conditions have caused an uptake of 
water, accelerated by the increasing surface hygroscopicity owing to outward salt 
migration, sufficient to raise the sub-surface RVP above 75%. 
Salted, dried fish are painstakingly de-salted before presentation in edible form in 
numerous traditional dishes based upon this ancient commodity. In many countries, 
particularly in Africa, salting is not a popular means of preservation due to the 
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locally-high price of salt and palates unaccustomed to saltiness. So why bother to 
produce heavily salted fish products? 
Microbial growth has been demonstrated to occur over the RVP range 62 to 99.9% 
(Scot!, 1957). Reduction of RVP in fish to below this range involves the removal of 
approximately 95% of the water originally present in the fresh fish, if drying is to be 
the sole method of preservation. This operation is lengthy and, in regions where sun 
drying needs to be supported or even replaced by mechanical drying, very costly. It 
is also an operation which is difficult to control. 
Frequently over-drying leads to the formation of opaque, yellow patches in the fish 
which rehydrate poorly, yielding tough, fibrous parts with a dry mouthfeel. This 
could be due to the removal of "firmly bound" water referred to in sections IT(iii) 
and III(ii) leading to irreversible textural changes. Furthermore, dried-only fish need 
only absorb 10% water (dry weight basis) for its RVP to change from 40 to 80% 
(Figure 16). In comparison, lightly-salted fish required to absorb 30% water (dry 
weight basis) (Figure 19) whereas heavily salted fish required to absorb over 300% 
(dwb) water to occasion similar rises in RVP (Doe et aI., 1982). 
Thus, it can be seen that in cool, wet climates common in N. Europe, heavy salting 
(or 'hard curing') became popular because: 
(i) salt was cheap and energy costs to achieve preservation by drying only 
were too high; 
(ii) by using salt there was less chance of over-drying and consequent 
texture deterioration as the removal of such a large proportion of the 
water became unnecessary; 
(iii) the product remained well-preserved even when it absorbed water 
when stored through periods of high humidity. 
Such heavily-salted products became popular in Europe and their popularity was 
extended to all parts of the globe colonised by Europeans. Heavy salting, however, 
may not be the most suitable technology as a lowered water activity preservation 
method for transferal to all countries. 
It was hoped that a light salting process after most of the drying had taken place 
would yield a salty-surfaced, dried fish which would resist attack by surface moulds. 
Table 7 shows that the salt did not remain at high concentration at the surface but 
diffused rapidly to the centre as the dehydration process was completed. Within a 
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week of storing the lightly-salted, dried fish had equilibrated throughout with respect 
to salt content. 
Salted samples Q,R,S (Figures 28 and 29) adsorbed atmospheric moisture at a 
greater rate than unsalted sample P. 
Figure 29 shows the salted samples' desorption rate during the low humidity storage 
periods was also faster than that of the unsalted samples. It was, nevertheless, noted 
that mould colonies first appeared on the salted samples Q and R. 
In the tropics the daily cycling of relative humidity would lead to similar product 
weight fluctuations which might show a steady upward or downward trend depending 
upon the proportion of the day that the relative humidity is higher than product RVP. 
It seems, therefore, that a light salting of the product late in the process will not be 
effective in extending the shelf-life of dried fish in high humidity storage, as the extra 
lowering of RVP is more than off-set by the product's increased hydroscopicity. 
However, this type of process might be recommended on the grounds that less water 
.. 
removal is required to achieve preservation, so there is less liljihood of over-drying 
producing a poor-textured product. The products are also more convenient to use in 
not requiring long leaching processes to remove salt, like heavily salted products, 
before incorporation into meals. 
103 

FIGURE 10. COD RESORPTION 
I~ PROLONG COATED v. UNTREATED 
- untreated -I- Sift -Prolong- coated 
cumulative weight gain (g/Iq.m) 
200~------------------------------------------~ 
160 ....... ....................... . 
100 . . . .......................................................... .............. . 
ao ....................................................... .................... . 
o 100 200 300 400 SOO 800 700 
time In hours 
26 0 (db) 80~ RH 

rIGUBI 811 COD BISORP'1'ION 
2% PROLONG COATED (8 dips) v. UNTRBATED 
oumulative wei,ht ,ain (,/sq.m) 
300~----------------~~~~------------------------~ 
250 .......................................................................... ... . 
200 ........................ ::. '::' :' .:::::.::.~. -t· :: ..:::::::.::: ..~.;, ..~.~ ..~. ~ ..~. ~ .. ~ ..~.~ ..~.~ ..~. ~ ..~. ~ ..~ ... . 
150 .. r--'-.:..r •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ••• 
100 ............................................................................ 
50 .................... I •••••••••••••••• ••••••••••••••••••••••••••••••••••••••••• 
O~--------~--------~--------~--------~--------~ 
o 100 200 300 400 500 
time in hours 
- untreated -t- "Prolon," ooated 
2't C (db) BD" RH 
1 1 
11 
11 
rIGUaa 811 COD BlS6BP'HOH 
~ CAPSUL COATED (3 dips) v. UNTREATED 
cumulative weilht lain (,/sq.m) 
250~--------------~~~~------------------------~ 
200 ........................................... ·3.f~· ~. '::;:' :::' ~::::::;::;:;:::+ ............ . 
150 . . . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ............................................................................ .. 
100 
50 
O~----------~-------------L------------~----------~ 
o 50 100 150 200 
time in hours 
- untreated -t- "Capsul" coated 
27C (db) 80" RH 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
11 
11 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
I I 
FIGURB '" COD RBIORPTION 
HPKO COATED Y. UNTREATED 
cumulative weight gain (g/aq.m) 
200r---------~~.-------------------------, 
160 . . .. .. .. . .. .. .. .. .. .. . .. .. . . .. . . . . ................. ............................................. . 
100 . .. .. . ............................................................................. . 
ISO ... ............................................................................... . 
O~--~--~--~~--~--~--~~--~--~--~--~ 
o 60 100 160 200 260 300 360 400 460 600 
time In hours 
- untreated -+- HPKO coated 
250 (db) sogs RH 

rmuBI NI COD BISOBP'J'ION 
VBGB'l'ABLB On. COA.TED v. UNTRBA.TED 
cumulative W'ei,ht pin (,/sq.m) 
500r---------~~--~~~~----------------------_. 
400 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................. . 
300 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .......................................... .. 
200 . . . . . . . . . . . . . . . .. ........................... . ............................. . 
100 
O~~--------~------------~----------~----------~ 
o 20 40 80 80 
time in hours 
- untreated -I- ve,etable on coated 
2ISC (db) 92" RH 
VI (vi) Surface barriers 
Dry-cured fish has been traditionally packaged for containment only in hessian bags, 
wooden and cardboard crates and boxes. Some attempts have been made to limit 
moisture uptake by the product, which is hydroscopic in humid environments, 
through lining boxes and crates with bituminised paper. Local dry salted fish 
processors had found plastics unsuitable because they are easily punctured by the 
hard, sharp corners of the product and retain moisture evaporating from it when 
exported from temperate to tropical regions. Condensation thus formed on the inside 
of the pack encouraged mould growth. 
Figures 30,31,32,33 and 34 illustrate the effectiveness of the surface coatings 
investigated as barriers against the uptake of moisture by dry-cured fish in humid 
storage. The two lipid barriers proved the most effective. During the first four hours 
of humid storage, HPKO and vegetable oil coatings respectively halved and quartered 
the rate of water uptake by the dried fish. The HPKO coating was probably less 
effective than the vegetable oil coating because it had cracked extensively on setting 
providing numerous channels for water ingress. 
The rate of water uptake by the fish depends upon the humectancy of the product and 
the vapour pressure gradient between product surface and store atmosphere. In 
experiments summarised by Figures 30, 31, 32, and 33, the initial surface vapour 
pressure was approximately 50% compared with the 80% RH of the surrounding 
atmosphere. For the oil-coated fish experiment represented by Figure 34, this initial 
surface vapour pressure was 40% compared with the 92% RH of the surroundings. 
Greater vapour pressure gradients and greater humectancy of the product (for 
example, when it is salted as well as dried) may give rise to much greater rates of 
water uptake in spite of the lipid barrier. Fargher (1987) reported a water vapour 
transfer rate of slightly more than 1 g per minute per m across greaseproof paper 
coated with a 0.003 mm layer of lard between a 92% RH atmosphere and anhydrous 
silica gel. This compares with the 0.3 g per minute per m maximum rate across the 
oil coated dried fish. 
The two carbohydrate-based coating materials, "Prolong" and "Capsul" proved 
ineffective barriers to the passage of water vapour (Figures 30, 31 and 32). There 
appeared to be an improvement to the barrier properties of "Prolong" when a triple 
coating of 2% solution was substituted for a single coating of 5% solution (Figures 30 
and 31). However the barrier properties of the latter (Figure 30) were actually 
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negative. The coating merely increased the hydroscopicity of the product and thereby 
initially increased the rate of water uptake. 
The improvement due to triple rather than single coating was not so significant as to 
recommend it as a worthwhile exercise. The barrier provided was only slightly better 
than having no barrier at all. This lack of barrier effectiveness was also shown with 
the "Capsul" triple-coated samples (Figure 32) where the rate of water uptake was 
almost undistinguishable from that in the untreated samples. 
Of the barriers tested, the vegetable oil seems the most likely to produce a significant 
shelf-life extension. The sorption isothenns presented earlier in this section 
discussing results obtained in this work (Figures 15 and 16) show that unsalted, dried 
fish needs only to take up 10% water on a dry weight basis for the water activity to 
increase from 0.4 to 0.8. The dry mass of fish presenting 1 m of surface in these 
investigations was found to be approximately 1 kg (Figure 23) so a water uptake of 
approximately 100 g in Figure 34 would cause the product water activity to increase 
to a level which would support surface mould proliferation. In this respect, the 
surface oil barrier increases the period over which 100 g of water is taken up from 
approximately 8 to approximately 20 hours in a 92% RH environment. Obviously in 
a typical, tropical situation with the humidity cycling daily between maximum and 
minimum values, this improvement could represent a considerable extension of shelf-
life. . 
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vrn CONCLUSIONS 
This project was instigated by the observation that a sizeable portion of a valuable 
commodity, dried-salted white fish, was deteriorating to rejection level during 
production and storage in tropical environments. 
The sorption isotherms, elucidated in this and previous work, show that very small 
amounts of water uptake by cured fish in humid storage can render them susceptible 
to microbial spoilage within days not weeks. This susceptibility can be aggravated or 
reduced by the selection of drying conditions or the use of salt in addition to drying. 
During production in high humidity, however, the selection of "slow/cool" 
conditions or the use of salt may mean that the drying of fish takes place so slowly 
that microbial proliferation at the centre of the flesh would render it putrid before the 
water activity had fallen to an inhibitory level. 
Raising drying air temperature, and, to a lesser extent, air speed increases drying 
rate, but at the expense of product textural quality and raised susceptibility to res orb 
water in high humidity storage. 
Scoring the flesh to expose greater surface areas and reduce the distance which water 
must travel to escape the surface is a common practice. Results presented in this 
work suggest that scoring across, rather than along, muscles would accelerate initial 
drying rates as water movement parallel in general direction appears faster than water 
movement perpendicular to the myofibrils. 
Considering the protection of the product against water uptake in humid storage 
environments, high salt contents have long been known to be effective in allowing for 
considerable water uptake . without the danger of reinitiating microbial growth 
and spoilage. This is because, in sorption isotherms for salted fish, the water activity 
reaches 0.75 and stays there (Doe et al. 1982) until the water contained becomes less 
than saturated by the salt contained. However, this depends upon the purity of the 
salt; impure salts will exhibit this plateau at higher water activities which may exceed 
the minimum growth levels for certain spoilage organisms. Unfortunately, the 
addition of salt also increases the hygroscopicity of the product. It was observed in 
this work that lightly to moderately salted and dried products began to spoil sooner 
than unsalted controls in humid storage. 
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Smoked products however were observed to resorb water from humid atmospheres at 
a slower rate than products dried in identical fashion but without the smoke. 
Of the barrier materials applied to the product post-process, the carbohydrate based 
materials ("Prolong" and "Capsul") were ineffective if not negative in effect. Initial 
rate of water resorption was faster in -some of the "Prolong" treated samples than in 
their corresponding untreated controls. The lipid barriers, however, were effective. 
Vegetable oil dipping reduced the rate of water uptake to less than 40% of the control 
rate. 
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